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Abstract This paper presents a methodology to solve
the problem of robustification of Interconnection and
Damping Assignment-Passivity Based Control (IDA-
PBC) scheme for the case of under-actuated systems
with inertia matrix dependent of the unactuated coor-
dinates. Specifically, we analyze the robustness of the
IDA-PBC strategy with respect to constant external
disturbances. This algorithm requires adding an inte-
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gral action with a particular change of coordinates in
an outer-loop to the IDA-PBC strategy to reject con-
stant external disturbances. The asymptotic stability
of the proposed controller despite constant external
disturbances is proved using the closed-loop Hamil-
tonian as a Lyapunov candidate function and LaSalle’s
invariance principle. Finally, as a proof of concept, we
have applied the proposed robust IDA-PBC strategy
to an Unmanned Aerial vehicle that transports a pay-
load suspended by a cable, which is a class of under-
actuated system with inertia matrix dependent of the
unactuated coordinate. Satisfactory results in numer-
ical experiments demonstrate the applicability of the
method.

Keywords Robust nonlinear control - Robust passivity
based control - Disturbance rejection - Underactuated
systems - UAV load transportation

1 Introduction

The main objective of the Interconnection and Damp-
ing Assignment-Passivity Based Control (IDA-PBC)
is to stabilize systems described by Port-controlled
Hamiltonian (PCH) structures [1]. It is well-known
that the IDA-PBC strategy is robust with respect to
unmodeled dynamics and parametric uncertainty, in the
sense that the stability is preserved [2—4]. However, its
robustness with respect to external disturbances has not
been fully investigated, particularly for the case when
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the dynamical system is under-actuated, which is very
common in different physical systems. Thus, the IDA-
PBC robustness with respect to external disturbances,
for the case of under-actuated systems described by
PCH models, is an open problem that has attracted the
research interest in recent years.

For the case of fully actuated PCH systems, the liter-
ature reports several works, for example, [5] presents
a method allowing to endow, to a PCH system with
dissipation (PCHD), an integral action control depend-
ing on variables of relative degree higher than one.
A drawback of this approach is that a set of alge-
braic equations must be solved to find a change of
variables that allow building an extended PCHD pre-
serving the form of the Hamiltonian function and the
characteristic matrices of the original PCHD system.
Also, a robust integral control to unmatched distur-
bances is proposed in [6] for the regulation of non-
passive outputs. However, this approach is limited to
the case of fully actuated PCH systems. Moreover,
the authors in [7] discuss the robustness of nonlin-
ear feedback systems with unknown perturbations con-
sidering the robust right coprime factorization and the
passivity property. Also, an adaptive and integral con-
trol scheme of Permanent Magnet Synchronous Motors
(PMSM) in the PCH framework is designed in [8]. First,
a speed tracking controller is developed for the nomi-
nal PMSM model with the IDA-PBC approach. Then,
a second control term is designed to deal with errors
caused by unknown or uncertain parameters. Finally, a
third integral control term is provided to compensate
the unknown disturbances. The robustness of energy
shaping controllers was enhanced for fully actuated
mechanical systems with external disturbances in [9],
by embedding in the dynamic state feedback, an inte-
gral action, along with the gyroscopic and damping
forces. These previous works provide alternative solu-
tions to the IDA-PBC robustification problem only for
fully actuated systems. Unfortunately, the extension of
these approaches for the case of underactuated systems
is not straightforward.

For the case of under-actuated PCH systems, on the
one hand, there exist works dedicated to systems with
a constant inertia matrix. For example, [10] presents
experimental results of an IDA-PBC controller in an
inertia wheel inverted pendulum platform. The results
show the robustness of the controller with respect to
external disturbances, however, it can also be appreci-
ated that the controller cannot deal with static errors
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in the presence of unmatched disturbances. Ryalat et
al. [11] proposes to solve the robustification of IDA-
PBC with respect to constant external disturbances for
an under-actuated mechanical system. Nevertheless,
only a simplified case is considered, where the system
has two degrees of freedom, constant inertia matrix,
and under-actuation degree one. Moreover, in [12] the
robustness improvement to vis-a-vis matched input dis-
turbances is addressed for an IDA-PBC with applica-
tion to a class of under-actuated mechanical system.
This was achieved with the combination of the IDA-
PBC algorithm with an adaptive control technique.

On the other hand, to the best of our knowledge,
there exist only two works that provide a possible solu-
tion to the problem of robustification for under-actuated
systems with variable inertia matrix: [13,14], more-
over, [15] presents a correction to the paper [14]. These
works address the design of a robust IDA-PBC for
under-actuated mechanical systems subject to vis-a-vis
matched, constant, and unknown disturbances. How-
ever, the design is only applicable for under-actuated
PCH systems where the closed-loop mass matrix is
constant, and the mass matrix is independent of the
unactuated coordinates. This disadvantage means that
the design cannot be used for a wide range of applica-
tions, where the inertia matrix is dependent of the unac-
tuated coordinates, for example: the cart-pole system,
ball and beam, pendubot, overhead crane, Unmanned
Aerial Vehicle (UAV) transporting a cable-suspended
payload, among others.

In summary, methods for under-actuated systems,
where the mathematical models have a constant inertia
matrix or an inertia matrix independent of the unac-
tuated coordinates, have been proposed recently in the
literature. Nevertheless, the above is only a partial solu-
tion to the problem of robustification of IDA-PBC to
reject constant external disturbances due to the fact that
there exists a wide range of systems that do not sat-
isfy these conditions, i.e., that the mathematical mod-
els have an inertia matrix dependent of the unactuated
coordinates and the effect of disturbances may reduce
the efficiency of the control algorithm. Such systems,
to the best of our knowledge, have not been studied in
previous works. The main contribution of this work is
to propose a solution to the aforementioned problem.

Motivated by the previous considerations, in this
paper, we offer a robust IDA-PBC approach to solve
the problem of constant external disturbances rejec-
tion for under-actuated systems, where the mathemat-
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ical models have either inertia matrices dependent of
the unactuated coordinates or constant inertia matrices.
Taking also into account that the IDA-PBC strategy
has been successfully applied for Unmanned Aerial
Vehicles such as quadrotors [16—19] and for quadro-
tors transporting a suspended payload [20-22], in this
work, as a case of study, the proposed robust control
algorithm is applied to a UAV transporting a cable-
suspended payload, which is an under-actuated system
with inertia matrix dependent of the unactuated coor-
dinates. It is important to mention that previous works
[20-22] have only applied the IDA-PBC control strat-
egy in order to control a UAV with suspended load
and have not solved any robustification problem. The
purpose of our current manuscript is to provide a solu-
tion to the more general problem of robustification for
under-actuated systems with variable inertia matrix and
not only to control the UAV with suspended load, here
this system is only used as a case of study.

In line with the works of [11,13] and with a particu-
lar change of coordinates, in this paper, we prove using
the Lyapunov second method and LaSalle’s invariance
principle that an integral controller can be added in
an outer-loop to the IDA-PBC strategy to reject con-
stant external disturbances. The proposed control algo-
rithm works for under-actuated Hamiltonian systems
with constant or variable inertia matrices, with an arbi-
trary under-actuation degree and with n degrees of free-
dom. It should be highlighted that compared with the
obtained results in [11,13], our algorithm is applica-
ble for under-actuated PCH systems with inertia matri-
ces dependent of the unactuated coordinates. In other
words, the contribution of our work is to add an integral
action that preserves the port-Hamiltonian structure of
the closed-loop system, and that also ensures asymp-
totic stability of the desired equilibrium despite the
presence of constant disturbances for systems where
the mass matrix is dependent of the unactuated coordi-
nates.

The remainder of the paper is organized as follows:
Section 2 presents a brief background of the main con-
cepts of the IDA-PBC algorithm. Section 3 develops the
proposed control strategy: Robust IDA-PBC. Section 4
presents numerical results of the robust control algo-
rithm applied to a UAV transporting a cable-suspended
payload. Finally, conclusions and future work are dis-
cussed in Sect. 5.

2 IDA-PBC background

The objective of the IDA-PBC is to control Hamiltonian
systems of the form

|:q.} — |: 0nxn Iani| |:VqH] + [Onxmi|u
1.7 _Ian 0nxn VpH B

with total energy

ey

1
H(g,p) = EpTM”(q)p +V(g) 2)

where ¢ € R", p € R", denote the generalized
position and momentum respectively, u € R™ is
the control vector, Inx, € R™" expresses an iden-
tity matrix, 0yx, € R™™" represents a null matrix,
VoH = 0H/dq, V,H = 0H/dp are the gradi-
ents of the total energy with respect to the general-
ized position and momentum, respectively, B is the
input matrix, H(q, p) € R represents the Hamilto-
nian, M(q) = MT (g) is a symmetric inertia matrix
and V(q) € R is the potential energy.

Applying the standard IDA-PBC strategy [1,2], we
obtain the desired port-controlled Hamiltonian dynam-
ics as follows:

VaHa ] 3

q1_ _
[p} =[Jalq. p) — Ra(q. p)] [V,,Hd

with the desired interconnection and dissipation matri-
ces

JdZ—JdT=|: 0 M‘lMd}

MM L. p) |
00

Rd:RdT:[oRz} z0

respectively, where the submatrix J> is skew-symmetric,
also

Ry = BK,BT and K,=K! >0.

The desired energy function takes the form

1
Ha(q, p) = EpTMd—l(qm + Va(q) 4

where Mg = Mgl > 0 represents the desired
closed-loop inertia matrix. V; stands for the desired
potential energy function, and has by design an iso-
lated minimum at g4, i.e.,

g+ = argmin Vy(q) &)

System (3) is equivalent to system (1) with

u=ue(q, p)+ugi(q, p) (6)
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where the first term is designed to achieve the energy-
shaping and the second one injects the damping.
The energy-shaping term is given by

Ues(q, p)
Tp\ ‘ot -1
- (B B) B (VqH—MdM Vv, Hy

+hMa'p) )

and the damping injection by
uai(q. p) = —K.B"V,Hy ®)

where My, V4 and J; satisfy the following matching
equations

B[V (p" M p)

~ MMV (p" My p)

+2,Mg " pl =0 ©9)
Bt [VqV—MdM—‘Vqu] =0 (10)

where BL is a full rank left annihilator of B, i.e.,
BB =0.

3 Robust IDA-PBC strategy

System (1) perturbed by a constant external disturbance
d is represented by

¢1 [ 0 ILixa|[VeH 0
=L ] e[ o

(1)

where ur = u + v is the total control law, v represents
an outer-loop control formed by an integral action, and
u an IDA-PBC. Applying the controller (6) with an
added outer-loop control to (11), we obtain the follow-
ing closed-loop disturbed system:

[q]_[ 0 MMy
pl | -MaM™ h—R,

0
+[B}(v+d) 12)

:|VHd

with the Hamiltonian function
Hy=p"Mi"'p+Valg)

In this work, we propose a new procedure to solve the
problem of constant disturbances rejection for under-
actuated systems with either inertia matrix dependent

@ Springer

of the unactuated coordinates or constant inertia matrix.
This approach is applicable to under-actuated systems
where the input matrix B and the closed-loop inertia
matrix My are constant. In the following, consider the
perturbed Hamiltonian system (12) with constant iner-
tia matrix or inertia matrix dependent of the unactuated
coordinates.

Remember that the main difficulty in the matching
equations is the solution of the kinetic energy matching
equation. Under the above conditions, we can rewrite
the Partial Differential Equation (PDE) (9) as [2]

Bt [Vq (pTM_lp) + 212Md—‘p] =0 (13)

Remark 1 When M isconstant V, (p? M~'p) =0,
and J3 is a null matrix.

Without loss of generality, we assume that

q=[d0 ]

where g, € R" denotes the actuated coordinates and
qu € R the unactuated coordinates, otherwise we can
reorder the coordinates to come up with this structure.
Note that in this case:

B = [Inaxna Onuxna ]T

and B+ = [Onuxna Inuxnu ],
which complies with B-B = 0, xn,. Therefore, we
can represent (13) as follows

Vi (PP M7! _
[Onuxna I, xn, ] |:VZ: EiTM_lﬁg + 2o My lp]

=0,, (14)

where n, denotes the order of actuated coordinates and
n, of unactuated coordinates.

Now, we define the skew-symmetric matrix J as a
partitioned matrix, i.e.,

_ Onaxnu A(jZ)
J2 —[ Zh Onuxna] (15)

where A(j2) and j, represent square matrices of order
n, and n,, respectively,

A(jr) = |:0nux(na—nu) J2 i|

O(na —ny)Xny 0(”a —ny)x(ng—ny)
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The matrix Mg~ can be partitioned into 4 blocks
as follows

Myt [Mdi} _ [M@i M@}
My, May My,
with Mg ! € R Mgyt e R Myl e
Rt Mgy € Ru*m Mgy e R and
Mdgzl € Ra>Mu,
Substituting J and My~ ! into (14), it yields
0
A(j)Ma3] A(j2)May,
+2[ A e O p| =0,
_JZMdlll —szd12l "
Then, we obtain
Vo (PTM7'p) = 22Ma7'p =0,
For the case whenn, =1,
h= v, (p" M p) [Matp] 16
J2=5Vq P p di P (16)
For the case when n, > 1,

el [ [ ]|

[Mar'p] a”

3.1 Augmented PCH system

Now, consider the following state transformation:

71=q
22=p+ BK; (w—1)
3=Ww (18)

where w represents the augmented state, A depends on
the disturbance d and K; = K;” > 0 is a gain matrix.

With the coordinates transformation, the new
extended PCH system can be represented by

07 xn MilMd —MilBK,'
= |:—MdM_1 J» — BK,B” —Jsz_lBKi:|VHz
K;B"TM™" K;B"M; ' 1," O xn
(19)

with

1 _
H; = zzzTMd L2+ Va(z1)

1 T
3@ =0 (23 —4) (20)

From (19) and (20), it can be observed that the
closed-loop extended system with the change of coor-
dinates conserves the PCH structure.

In order to obtain the integral controller v, systems
(12) and (19) are compared. The rows of the desired
PCH system (19) are:

21=M"'"MyV,H, — M 'BK;V_H,
=M ' MgM; 'z,
- M MgM; T BEK; (23 - 1)
=M MyM; " (22— BK; (z3 - 1)
=M MgM;'p
= M MyV,H;
i 1)
Z2=p+ BK;w
= ~MgM'V Hy + (12 - BK,B") V, Hy
+B(w+d)+ BK;w
= MMV Y+ (Jz - BK,,BT) (Ma~'p)
+B(v+d)+ BK;z3
= -MgM 'V, Vv,
+ (2= BK,BT) (Ma™") 22— BK; (w = 1)
+B(w+d)+ BK;z3
= MMV, Vy+ (Jz — BK,,BT) My 'z
— (Jz — BK,,BT) My 'BEK; (w — 1)
+B(w+d)+ BK;z3
= MMV, Y+ (Jz - BK,,BT) V., H,
~ 2Ma" BK; (w— 1)
+BK,B" M; 'BK; (w—1)
+B(w+d)+ BK;z3
=~ MMV Vi + (Jz - BKpBT) V., H.
~ 2My 7' BKi (z3 )
+BK,B" M;7'BK; (z3 - 1)
+B(w+d)+ BK;z3
= MM 'V Vi + (Jz - BK,,BT) V., H,
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— JhMy'BK;V  H, + BK,B" M, 'BK;z3
— BK,B" M;7'BK;\» + Bv + Bd + BK;z3
(22)

In Egs. (21) and (22), it can be seen that the first row
of such systems is clearly satisfied. Nevertheless, the
second row is only satisfied if:

K,B" M, 'BKiz3 — K,B" M, 'BK;\
+v+d+Kiz3=0 (23)
Now, A is chosen as follows
-1
A= (KI,BTMd_lBKi) d (24)

Then, substituting A into (23), Eq. (23) can be expressed
as

K,B" My 'BKiz3 + v+ Kiz3 =0 (25)
From (25), the resulting control law v is given as
v=—K,B" M, 'BK;z3 — Kiz3 (26)
where

23=K;BTM 'V H, + K;B" M, ' ,'V ,H,

From (26) and z3, it can be observed that the outer-
loop control law v has two actions, an integral action
and a proportional action. The objective of this con-
troller is to reject constant external disturbances. The
overall scheme of the control strategy is depicted in
Fig. 1.

3.2 Stability analysis

Theorem 1 Considering the closed-loop disturbed
system with inertia matrix dependent of the unactu-
ated coordinates (12), along with the state transforma-
tion (18), there exists a control law v = —KPBT./\/ld_1
BK;z3 — K;z3, such that the augmented PCH sys-
tem (19) with the Hamiltonian function (20) guar-
antees asymptotic stability at the equilibrium point
Ze = (214, 0, 23+) despite the presence of constant
external disturbances.

Proof The Hamiltonian function (20) is proposed as a
Lyapunov candidate function for (19). Then, differen-
tiating (20) along the trajectories of the system

H =2"Mi 2+ [Va Vd]T 21+ (z3— 1723
(27)

@ Springer

Introducing (19) into (27):

H, =" My (~-MaM'V vy,
+(5 - BK,B")V.,H,
~h My 'BK;V,, H;)
+[VaVal' (M MGV, H,—~ M7'BK;V , H;)
+@—nT (KiBT/\/erleZ
+K,-BTMd_1JZTVz2HZ)
="My (~-MgMTIV LY,
+ (12— BK,B) (Ma™'2)
— My 'BK; (z3 — 1))
+[VaVal" (M 'z - MT'BK; (z3 — 1))
+ (23— 0" (KiB" M7V, H,

+KiBTMd_]J2TVz2Hz)

=— zZT./\/t*IVz1 Va
+ 2" My (= BE,BT) (Ma™'22)
— 2" Ma7" oM BKi (23— 1)
+[VaVal ' M2, =V Vi ' MT'BK; (z3 — 1)
+(z3—MN'K;BTM™'V  H,
+ @ =0 (KiB" My B M z2)
=" My ' (Md_lzZ)
— 2" Myt (BKI,BT) (Mdflzz)
=M (BK,,BT) (Md_lzz>
=—2' My 'RoM; 2, (28)

since J3 is skew-symmetric and K is positive-definite.
From expression (28), it can be observed that I-'IZ <0,
i.e., the stability is preserved for this type of sys-
tem (under-actuated system with either inertia matrix
dependent of the unactuated coordinates or constant
inertia matrix). Now, using the LaSalle’s invariance
principle, it is possible to prove that all the trajecto-
ries of the system converge at the equilibrium point,
which implies asymptotic stability.

Let 2 C R” be a compact positively invariant set
with respect to the system (19). Let X be the set of all
points in 2 where HZ =0.If I'-.IZ =0—> X ={(z2)
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p.q
State Extended PCH
transformation — system
(Equation 18) (Equation 19)

d
Set IDAPBC | PCH syst
PZiﬂtS Control (Equa?ilcine::]l)
(Equation 6)
(1111 P
MM aH Hg Ja
Oute_r—loop
Control
(Equation 26)
[ 111
K; K,BM 4

Fig. 1 Robust IDA-PBC control scheme

| H (z2) = 0} > —22" My '"ReMy " '22 = 0 —
z2 = 0. In the equilibrium point z, = (z1x, 0, 234),
22=0— 72, =0.

From (19),

= MMV Y+ (Jz _ BK,,BT) V., H,
—J2My "' BK;V  H,

therefore if z2 = 0 A 22 = 0 — —MdM_lel \ 7
~LM;'BK; Vo H, = 0 > V,V; = 0 A
VuH, =0V, H, =0AV H, =0.

The IDA-PBC strategy requires that V; has an iso-
lated minimum at g, i.e., ¢, = argmin V;(q). Thus,

VaVa— Vi Va e 0

Hence, the conditions of the invariance principle are
satisfied and the proof is complete. Therefore, the
asymptotic stability is guaranteed, and the system con-
verges to the equilibrium point z, = (214, 0, 23¢). O

In summary, the novelty of the proposed Robust
IDA-PBC approach in this paper is that it provides a
solution to the up to now still open problem in the liter-
ature for under-actuated systems with inertia matrices
dependent of the unactuated coordinates. In this new
algorithm, it is proven that the disturbance rejection
is achieved for some class of under-actuated systems,
by satisfying the two properties that must be required
for all extended PCH systems in closed-loop: preserv-
ing the structure of a PCH system and the asymptotic
stability.

Fig. 2 PVTOL transporting a suspended payload

4 Case Study: robust IDA-PBC for a PVTOL
carrying a suspended load

In this section, the new Robust IDA-PBC approach pre-
sented in Sect. 3 for under-actuated systems with inertia
matrix dependent on the unactuated variables is applied
to a Planar Vertical Take-Off and Landing (PVTOL)
transporting a load suspended by a cable, as depicted
in Fig. 2, which is a kind of under-actuated system with
inertia matrix dependent of the unactuated coordinates.
The Robust IDA-PBC methodology is used to stabilize
the vehicle and the load swing. These goals should be
achieved despite constant external disturbances acting
on the system.

@ Springer
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4.1 Mathematical model

The dynamic behavior of a UAV transporting a cable-
suspended payload is described in [20-22]. The pre-
sented mathematical model in this work is based on
[19]; nevertheless, due to the presented complexity,
and in order to achieve the main goal of illustrating
the validity of the proposed Robust IDA-PBC, some
assumptions are made:

— The cable connecting payload and UAV fuselage is
rigid, massless, and inelastic.

— The length of the connecting cable is constant and

known.

The swing angle « of the payload is not actuated

and constrained to —7 /2 < o < /2.

— The payload can be considered as a point-mass.

The aerodynamic effects on the load are neglected.

The vehicle orientation dynamics will be neglected

in this paper to have a constant input matrix B.

Considering the above, we have obtained a reduced
system with 3 degrees of freedom and two control
inputs, i.e.,n = 3 and m = 2. The mathematical model
can be expressed in the form

M(g)§ +Cq.9)q + G(q) = Bu (29)

with the following matrices:

M +m 0 mlcosa
M = 0 M+m mlsina |,
| mlcosa mlsina mi?

[0 0 —mlsinad 0
C=|00 mlicosaer |, G=| (M+m)g |,
100 0 mlg sina
1 0
B = | 0cosé6
10 0

where M is the mass of the UAV, m is the mass of the
load, the length of the cable is represented by I, the
gravitational acceleration is given by g, g = [x o ]T
denotes the state variables, x, z describe the position
of the UAV and « the swing angle of the payload. The
control input is defined asu = [ 1 f ]T, where 7y rep-
resents the torque produced by the differential velocity
between opposite rotors, and f the total thrust magni-
tude. B € R¥*? is the input matrix where it can be seen
that the system is under-actuated.

@ Springer

Remark 2 Note that the system is third order and the
inertia matrix M depends on the unactuated coordi-
nate, i.e., the payload’s angle of oscillation «. The prob-
lem of robustification of IDA-PBC to reject constant
external disturbances in systems with these character-
istics had not been addressed in previous works.

4.2 Robust IDA-PBC strategy

The Robust IDA-PBC strategy is applied to the dynamic
model (29) of the PVTOL transporting a cable-
suspended payload.

The methodology for designing the control law ur
of the Robust IDA-PBC strategy consists of two main
stages. The first step of the Robust IDA-PBC algorithm
requires to develop a traditional IDA-PBC scheme for
the mathematical model (29).

Thus, M is selected as a constant matrix with the
following structure:

ap 0 0
0a O
0 0 a3

My =

,ajazasz > 0

From (15) and (16)
0 0
J2 = 0 00,
—-j00
aym sin 2a) (p% — p%) aj sinaps
2M (M + m) py MiI
aymcos Qo) p3  aj cosap3ps
MM + m) Mlp,

J2

where p = [p1 p3 ps].
With B+ = [0 01 ], the potential energy PDE (10)
takes the form:

. (M +m)as
glm Smo — WVan
as as .
+ﬁl cosaV,Vy; + Wi sinaV,Vy =0 (30)

which is solved and thus the desired potential energy
is obtained by

MPm?g

Vy=—— "8
(M +m) a3

cosa + P (x,z,a)

We choose @ (x, z, @), to be a quadratic function
which leads to
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MPm?g
Vj=—————"—cosa
(M +m) a3
2
+25 (x —xa + i
(x Xd [ sin a)
L m i 31)
—_ — — CoS o
s\

where k,; > 0 and k,; > 0 are constant gains.
Then, from (4) and (31) the Hamiltonian function is
obtained
PL Py ps MPmg

H; = + + — ——————cosu
Y= %41 " 2ay ' 2a5 (M +m)a

Im . >2
sin o
+m

k
+%<x—xd+M

e lm i 32)
—\z—z4 — cos o

2 “T M+ m

To compute the control law u = ues + ug; of

the IDA-PBC strategy, we first determine the energy-
shaping term u,s from (7) and then, we determine the
damping injection term ug4; from (8).

After completing the first stage, we continue to the
second stage. In this stage, the presented methodology
in Sect. 3 is used to find the term v of the total con-
trol law u7 of the Robust IDA-PBC strategy, which
corresponds to the proportional-integral action.

Now, we obtain a Hamiltonian representation of the
system (29), for this, we propose the following coordi-
nate transformation:

fzun] [ x 7
212 z
213 o
221 p1+ ki1 (w1 — Ay)
222 | = | p3+kan (w2 —22)
223 p5 + k33 (w3 — A3)
231 ]
732 @

Lzzzd L 3 i

The extended PCH model of the PVTOL transport-
ing a payload has the form (19) with the Hamiltonian
function defined as follows:

2 2 2
Z Z Z
HZ _ 221 + 22 23

2a;  2ar  2a3

+(Z31 —a)? n (z32 — A2)?
2 2
(33 —A3)>  MPm’g
— CoS 713
2 (M +m)as

2

2
m .
SIn z13
m

2
cos Z13> (33)

kpx [
—l——(zn —Z411 + I

kp; m
+7<212 TR T T

From (26) and (33), we obtain the outer-loop control
law v, which corresponds to the proportional-integral
action. Remember that this part of the Robust IDA-PBC
algorithm rejects the external disturbances.

kilkpl .

oo | e B ki1z31 (34)

- kiok o kins
— =5 232 — ki2z32

where ki1 > 0, ki > 0 are components of the gain
matrix K; and k1 > 0, k2 > 0 of the matrix K.

Finally, we compute the final control law ur of the
Robust IDA-PBC strategy as the sum of two terms.
The first term due to the traditional IDA-PBC strategy
is given by the sum of (7) and (8), and the second term
is obtained from the new proposed approach due to the
addition of the proportional-integral action (34).

In summary, as a direct consequence of Theorem 1
given in Sect. 3, the total control law ur applied to a
PVTOL transporting a suspended payload, guarantees
the following points:

— Asymptotic stability at the equilibrium point.
— Rejection of constant external disturbances.
— Stabilization of the cable-suspended payload swing.

Remark 3 Note that the same model and control
methodology can be applied analogously for move-
ments in the xy plane.

4.3 Simulations and results with external disturbances

In order to analyze the performance and versatility of
the proposed control scheme, some simulations have

Table 1 Model parameters

Parameter Value [units]
M 0.4 [kg]

m 0.03 [kg]

l 0.35 [m]

Iy 0.345 [kgm?]
Iy, Iy 0.177 [kgm?]
g 9.8 [m/s?]

@ Springer
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Fig. 3 Robustness analysis under different disturbance values
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Fig. 4 Comparison results for the proposed robust IDA-PBC with the controller of [22]

been carried out. In this subsection, we present the per-
formance of the Robust IDA-PBC algorithm applied to
a UAV transporting a payload in the presence of con-
stant disturbances.

The initial conditions of the Hamiltonian system are
z11(0) = z12(0) = z13(0) = 221(0) = 222(0) =
223(0) = z31(0) = 2z32(0) = z33(0) = 0. The goal
is to move the vehicle transporting a payload to the
desired position of 1 meter up and 2 meters forward
along the coordinate x. In simulations, we used model
parameters close to small-scale real aerial platforms,
such parameters are shown on Table 1.

The control objective is to stabilize the vehicle’s
position and attenuate the oscillations on the swing
angle of the payload, despite the presence of constant
external disturbances.

The considered disturbances are:

— A constant force of 10N, 20N, and 30N injected in
the total thrust force f att = 15s.

— A constant torque of 10Nm, 15Nm, and 20Nm
injected in the torque 7y at t = 25s.

Figure 3a shows the x and z positions of the vehicle
during the validation. We can see that the position for
each axis is stabilized according to the desired reference
points x; = 2m and z; = 1m. It is also very important
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Table 2 Qualitative comparison of robust IDA-PBC algorithms

Characteristic References
[11] [13] [14] Our work

Under-actuated systems v v v v
Constant inertia matrix v v v v
Variable inertia matrix X v v v
Inertia matrix dependent of the unactuated coord. X X X v
Sub-matrix J # 0 X X v v
Application to a system of order greater than 2 X X X v
Application to a system with more than one input X X X v
Constant external disturbances v v v v
n degrees of freedom X v * v
An augmented matrix B is not required X v v v

*It is not mentioned

to appreciate that the control law stabilizes the positions
to their desired references, despite the existence of the
external matched perturbations occurring at 15s and
25s.

Figure 3b presents the payload swing angle «. It
is clear that the proposed control law exhibits good
performance since the payload swing angle is rapidly
regulated to 0? despite of the existence of the constant
external disturbances.

Figure 3c displays the vehicle orientation. We can
observe that the attitude converges to the desired points
with a null steady-state error despite the strong external
disturbances induced to the system.

Figure 3d illustrates the states produced by the inte-
gral action. The dynamics of the states have variations,
which after a few seconds remain constant. This con-
siderably helps the control system to reject the constant
disturbances present in the inputs f and 7y.

InFig. 3e, it can be seen that the total thrust force and
the torque are smooth signals. Also, Fig. 3e shows that
the controller produces the necessary control inputs to
reject constant disturbances at time 15s and 25s and
thus maintain the output desired values.

4.3.1 Comparison with other control strategy

The proposed robust IDA-PBC algorithm was com-
pared with respect to the second control law from [22].
The responses of both algorithms are shown in Fig.
4. For better understanding the figures, the subscript

@ Springer

p indicates the proposed IDA-PBC robust controller
while the subscript ¢ associates the controller from [22].
It is clear that the proposed controller rejects the distur-
bances at 20s and 60s. In contrast, the controller from
[22] fails to reject the disturbances and presents a huge
change in the x and z positions when they occur, man-
ifesting a very large steady-state error, i.e., it presents
an offset of twice the reference in z and more than three
times the reference in the case of the position x.

Finally, in order to compare this work with the
robust IDA-PBC strategies available in the literature,
we provide Table 2. Several characteristics are con-
sidered to discuss the generality and efficiency of the
proposed robust IDA-PBC technique. From Table 2 we
can observe that all presented controllers have advan-
tages and disadvantages. However, we consider that the
main limitations are: the previous algorithms can not be
applied to systems with inertia matrix dependent of the
unactuated coordinates, and the presented applications
have only been studied with second-order systems with
a single input.

5 Conclusions

An algorithm to design a robust IDA-PBC strategy for
the case of under-actuated PCH systems with inertia
matrix dependent of the unactuated coordinates has
been presented in this work. The proposed method-
ology requires adding an outer-loop to the IDA-PBC
strategy to reject external disturbances. We have proved
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that an integral action with a particular change of coor-
dinates can be added in an outer-loop to the IDA-PBC
strategy to reject constant external disturbances. The
asymptotic stability of the proposed controller despite
the constant external disturbances is guaranteed using
the closed-loop Hamiltonian as a Lyapunov candidate
function and LaSalle’s invariance principle.

As a proof of concept, the control scheme has been
applied to a PVTOL transporting a cable-suspended
payload. The objective was to stabilize the PVTOL
position and attenuate the swing angle of the payload.
Simulations have shown that the performance of the
proposed robust control strategy is satisfactory, despite
of the existence of the constant external disturbances,
illustrating the potential of this control scheme. Future
work includes extending the scheme for the case of
variable external disturbances and unmatched distur-
bances. Also, to apply the proposed methodology to
other cases of study such as a quadrotor. The main chal-
lenge in the case of variable external disturbances lies
in proposing the appropriate state transformation that
retains the PCH structure in the closed-loop extended
system with the change of coordinates, while preserv-
ing the asymptotic stability.
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