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Controlling soft continuum manipulators is a challenging
task due to the structural compliance of these systems which
results in underactuation. While a variety of control ap-
proaches have been proposed for regulation tasks, tracking
control requires further investigation. To this end, a new
dynamic tube-Model Predictive Control formulation is pre-
sented, which includes an ancillary control law constructed
analytically with an energy-shaping approach. Two differ-
ent models are considered: /) a rigid-link model with direct-
torque actuation, which is representative of miniature soft
continuum manipulators supplied by digital pressure regu-
lators; /i) an extended model that includes the pressure dy-
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ation by means of a variable flow rate. The effectiveness
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1 | INTRODUCTION

Soft continuum manipulators are a special class of soft robots characterized by serial strucure, high compliance, light
weight, and affordable cost compared to conventional rigid manipulators. The majority of soft continuum manipulators
have been developed at miniature scale, such as the flexible micro actuator [1] and subsequent designs [2]. Typical
applications include inspection [3] and minimally invasive surgery [4, 5]. More recently, larger soft continuum manip-
ulators have been investigated as part of anthropomorphic robots [6]. While all the above systems employ pneumatic
actuation, other continuum manipulators employ cable actuation, which is characterized by a different dynamics and
by specific challenges (i.e., friction of the cables) [7, 8, 9, 10]. Controlling soft continuum manipulators is a challeng-
ing problem since their high compliance results in underactuation [11]. In practice, satisfactory performance can be
achieved with kinematic-based controllers, provided that a fast response is not required [12]. High responsiveness
can be achieved by employing high-gain controllers, such as sliding mode control (SMC) [13], which however comes
at the cost of increasing the stiffness of the system in closed-loop [14]. A promising approach to modeling and control
of soft continuum manipulators involves the use of the port-Hamiltonian formulation and of passivity-based-control
methodologies [15]. In particular, the Interconnection-and-damping-assignment passivity-based-control methodology
(IDA-PBC) [16] provides compelling advantages, including a physical interpretation of the control action in terms of
mechanical energy of the system, and the use of small gains which preserve closed-loop compliance. As a result, IDA-
PBC designs for soft continuum manipulators can yield a smoother transient and a reduced control action compared
to high-gain approaches [11]. However, IDA-PBC is specific to regulation tasks, and it has only been extended to
tracking for some classes of systems. A further challenge associated to soft continuum manipulators, is the presence
of disturbances and model uncertainties, which are ubiquitous in engineering practice. These effects have been ac-
counted for in the literature by introducing in the control law either an adaptive observer [17] or an integral action
[18]. Finally, the use of fluidic actuation, either pneumatic or hydraulic, introduces further control-related challenges,
since the control action is mediated by the dynamics of the pressurized fluid. To overcome this complication, extended

dynamical models and corresponding model-based controllers have recently been investigated [19, 20, 21].

Most literature on the control of soft continuum manipulators, including IDA-PBC designs, has been focused
on regulation tasks. An extension of IDA-PBC for tracking tasks was proposed in [22], however it only applies to
mechanical systems with constant inertia matrix, thus it is not well suited to soft continuum manipulators. Notable
results on tracking control of soft manipulators have employed SMC algorithms [13], which however require high gains.
Data-driven approaches that employ machine learning techniques, such as recurrent deep neural networks, have been
employed with good results for tracking control of mobile robots [23]. However, employing these strategies for soft
manipulators is problematic due to the limited durability of these systems compared to their rigid counterparts, which
makes it impractical to collect large datasets. Conversely, model predictive control (MPC) has proved effective for
the tracking control of soft continuum manipulators without disturbances and considering a smooth trajectory (see
[6] for details). MPC is a feedback control strategy that requires solving an optimal control problem at each iteration
[24, 25, 26, 27], it allows accounting for state and/or control constraints, and it is ideally suited for trajectory tracking.
Robust MPC implementations can account for external disturbances and for state/input constraints [28]. Tube-MPCis
another robust approach that can also account for model/plant discrepancies by employing an ancillary control action
alongside MPC. In [29] the ancillary control was computed using MPC and the resulting algorithm was employed
for nonlinear systems. Subsequent tube-MPC algorithms have demonstrated further advantages, such as generality
and suitability to software implementation [30, 31, 32]. Tube-MPC algorithms have also been employed for linear
systems with additive disturbances in [33], have been investigated for uncertain multiagent systems in [34], and for the

tracking control of spacecrafts with external disturbances in [35]. Dynamic tube-MPC promises further performance
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and robustness enhancements compared to tube-MPC thanks to its added flexibility, which results from treating the
tube geometry as a design variable to be optimized [36]. In particular, the dynamic tube-MPC implementation [36]
is intended for fully actuated system, and it involves computing the ancillary control action and the tube dynamics
analytically, based on sliding-mode principles. In our previous work [37], we have proposed a dynamic tube-MPC
algorithm for underactuated mechanical systems by combining the MPC formulation with an ancillary control action
and a tube dynamics derived analytically using energy-shaping principle with the IDA-PBC methodology. In spite
of its potential advantages, to the best of our knowledge, dynamic tube-MPC has not yet been formalized for soft
continuum manipulators. The main technical challenges in this respect include the underactuated nature of this type
of systems, the possible lack of full state feedback, the presence of disturbances and model uncertainties, and the
complex dynamics of the system, which includes the dynamics of the pressurized fluid in case of fluidic actuation.
The latter point results in a dynamical model that is not in affine form, thus employing the approach proposed in [37]

could result in degraded performance.

This work investigates the trajectory tracking problem for a class of soft continuum inextensible manipulators
with fluidic actuation that bend on a plane due to pressurization of one or more internal chambers. To this end, a
dynamic tube-MPC is proposed for soft continuum planar manipulators with either direct-torque actuation achieved
through a regulated pressure source, or with fluidic actuation by means of a variable flow rate. In summary, the main

contributions of this work include the following points.

e A new dynamic tube-MPC implementation for underactuated systems is proposed which, differently from [37],
employs time-varying tube parameters and corresponding constraints hence it is more general.

e The ancillary control and the tube dynamics are formulated with the IDA-PBC methodology for a class of planar
soft continuum inextensible manipulators with bounded disturbances. Both direct-torque actuation through a
regulated pressure and fluidic actuation through a variable flow rate are considered. Convergence conditions are
discussed with a Lyapunov approach in relation to the tuning parameters.

e  Simulation results are presented for both direct-torque actuation and fluidic actuation by considering different tra-
jectories and time-varying as well as constant external disturbances, either matched or unmatched. The proposed

algorithm is compared with alternative tube-MPC implementations demonstrating improved performance.

The rest of the paper is organized as follows. Section 2 summarizes the dynamic tube-MPC algorithm outlining
its principle and key components. Section 3 details the ancillary control and the tube dynamics for soft continuum

manipulators. Section 4 presents the simulation results, while Section 5 contains concluding remarks.

2 | DYNAMIC TUBE-MPC FOR UNDERACTUATED MECHANICAL SYSTEMS

2.1 | Overview of dynamic tube-MPC

The principle of dynamic-tube MPC [36], which inspired our previous work [37], is outlined here for completeness.
This approach is intended for fully actuated systems and defines the control policy 7 as the sum of the control input v,
which is computed with an MPC implementation that has additional constraints related to the dynamic tube variables
to be optimized (i.e. « is part of the set of design variables), and the ancillary control input usmc, which is an SMC

controller consisting of a continuous term and a switching term. In [36] the optimization problem is formulated for
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the fully actuated system dynamics in the so-called affine form
x=f(x)+u-26,
where & is a bounded disturbance, that is |§| < £. The dynamic tube-MPC control law is thus

T=u+ Usmc,
tr
Min(J)uy = h(%(t7)) + / (%, U, Usmes @, V) d,
i
usme = —f (x) — k1s — kasign(s/¢),

p=¢e-ag¢,

where s = x4 — x — A(xg — x) and s = 0 is the sliding surface, x4 is the desired trajectory, and ¢ is the dynamic tube.
The terms k1, k are tuning parameters of the SMC, and the MPC optimization is subject to the constraints

*=f(¥%) +u,
$=¢c-ag,

a=yv,

in addition to the initial conditions and the final conditions. In particular, the tube geometry depends on the design

variable a and on the tube dynamics ¢ which is computed analytically.

The dynamic tube-MPC has been extended in [37] to underactuated mechanical systems in affine form by com-
puting the ancillary control law with the IDA-PBC methodology [16] instead of using SMC principles. The system
dynamics for underactuated mechanical systems can be expressed in port-Hamiltonian form by defining the total
energy as

1,
H(g.p) = 5p M7 Tp+T,

sum of the kinetic energy and the potential energy I". The system states are the position g € R” and the momenta
p = Mg e R”, where M = M7 > 0 is the inertia matrix. The open-loop dynamics in the presence of a physical

damping matrix D = DT > 0 and of the matched disturbances & (i.e. only affecting the actuated states) is then

0 I
-I -D

0
G(u-296)

g
b

VoH
VpH

. (1)

The input matrix is G € R, with rank(G) = m < n, and the control input is u € R™. The term V4H is the vector of
partial derivatives in g, and V,H is the vector of partial derivatives in p. The IDA-PBC control law is constructed to

achieve the closed-loop dynamics

0 MMy
-MyM~" Jy - Dy

0
Gé

q
p

VgH
VpH

. (2)

where Hy = %pTM;1p + Iy is the desired Hamiltonian, and I, is chosen so that it has a strict minimizer in g*, that is
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g* = argmin ([y). The closed-loop damping in (2) is defined as Dy = (Gk,G” + DM~ My), with My = MdT > 0 the
closed-loop inertia matrix and k, = kVT > 0 a constant gain matrix, while J, = —JZT is a free-parameter matrix. The
IDA-PBC control law that achieves the desired closed-loop dynamics (2) is [16]

Ues = G (qu — MgM ™ Vg Hg + JZM;‘p) - k,GTV,Hy, 3)
where G' = (GTG)_1 GT. The terms My and Iy should satisfy the partial-differential-equations (PDEs) ¥ (g, p) € R%"

G* (Vo (p" M p) = MyM™'V4(p7 M7 p) +2/,M7 " p) =0,

G* (Vg = MgM™'V,ry) =0,

where G* is such that G*G = 0 and rank (G*) = n—m. The dynamic-tube MPC for underactuated mechanical systems
[37] consists thus in defining the control policy = as the sum of the MPC control action u, which considers additional

constraints related to the dynamic tube variables (i.e. the parameter a), and the ancillary control action

Ues Hq (q,p) <c,
Uida-pbc = )
Ues + Up Hq (q.p) 2 c,

where ues is given in (3). The parameter c representing the width of the dynamic tube, and the term ug are defined as

ug = —ac (GTV,Hy),
¢=|V,H]Gle - a (V,H] GGTV,Hy) c. ®
where «a is a design variable computed by the MPC optimization problem, while ¢ is the disturbance bound, that
is |6| < e. It follows from Proposition 1 in [37] that (4) and (5) ensure that all system trajectories starting outside
Q. = {(q, p) € R?"|Hy (q,p) < c} converge to Q. asymptotically, and all system trajectories originating in Q. remain
in Q. indefinitely provided that D, > 0,k, > ac, and that g* = argmin(ly). In practice, the feedback control law
corresponding to the dynamic tube-MPC [37] is activated when the output error is larger than a predefined tolerance.
Conversely, the control input corresponds to a feedforward control action ug computed as a stable inversion dynamics

problem with an optimal control approach as in [38], which is outlined in the next subsection.

2.2 | Overview of feedforward control

The feedforward control action ug is computed by solving an inverse dynamics problem related to a desired trajectory
yq(t) for the system’s output y(t) = h(q(t)). This is an open-loop control problem used as reference when the
output error is smaller than a predefined tolerance. The equations of motion for mechanical systems expressed using

Newton’s second law are

M(q)d(t) +£(q(1).4(1),t) = Gu(t),

where g is the vector of generalized coordinates in position, M (g) > 0 is the inertia matrix, and g (g, ¢, t) is the vector

of internal and complementary inertia forces. Differential flatness is a powerful concept for the study of inverse
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dynamics problems: a flat system is one where states and control input can be determined in a purely algebraic fashion
from the flat outputs and their derivatives. In linear systems, controlability and flatness properties are equivalent
concepts. Thus, considering the output y = G7 g and its desired trajectory, the inverse dynamics of the linearized
system is

uge(t) = GTH(MGJ4(t) + CGyq(t) + KGyq (1)),

which is expressed as a function of the output and its derivatives by imposing y (t) = y,(t).

Unfortunately, underactuated systems are often characterized by an unstable internal dynamics related to the
unactuated states. Thus, stable inverse methods, such as those based on optimal control theory, are required to

compute the feedforward action. Defining for illustrative purposes the performance index

te—dt
J =[ ((a(£) = y ()% + ugg (1)) dt + (ya(te) - y(tr)2.
0

a dynamic programming problem can be formulated, which employs a backward iteration starting with J (t¢) = (yq(tf)—
y(t£))2. This approach relies on the fact that a sub-arc of an optimal control trajectory is also an optimal sub-arc. Con-

sidering the system dynamics expressed in general form
x(t) =f(x(t),u(t),t), x(0) =xo
where x = [g ¢]7, the discretized performance index at the following steps i = Niot — 1, Niot — 2. . ., 1 is thus

J0) = min ([(yd(t,) —y M2 (W2 de + 5D (xD +f(x(">,u§f">)dt) .
1

i
The feedforward control ug is then computed by solving the optimization problem

u = arg min ([(ya(t) =y D)7+ () 1dt+ 10D (O 8Dyt
ul
ff

Since the analytical solution of the above problem can be challenging in general, a direct transcription method [38]
which follows the rule first discretize, then optimize is employed in this work. Alternative approaches for solving the

inverse dynamics of underactuated systems include direct multiple shooting methods, such as [39].

2.3 | Dynamic tube-MPC implementation

The dynamic tube-MPC for underactuated mechanical systems [37] is constructed by including the ancillary control
(4) and the dynamic tube equation (5) as equality constraints. In particular, the variables related to the dynamic tube
a, &, &, ¢, ¢ & and uaux, Which acts as an auxiliary control variable, are included in the set of design variables at each
time step i (together with the pressure P and its time-derivative P in case of fluidic actuation) thus

0 = (qu), g0, G0, a0 pi) pi) ) G o) g &) g0 0,0 )77

ua ux
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where i = 1,..., Ntot, and N;o; is reduced at each iteration in a receding-horizon optimization problem according to
MPC principles. The total set of design variablesis y = (y(" y@ ... y(Ntot))T and has dimension (Niot) (4n+4m+6).
The variables ¢, ¢, ¢ are not independent but are computed analytically with (5) thus they could be eliminated in theory.
However, our experience indicates that keeping these variables allows improving convergence due to better numerical
conditioning for the tracking problem (i.e. systems and trajectories) considered here. Differently from the dynamic
tube-MPC algorithm [37], we account for an independent tube variable a with a non-constant time derivative & by
employing a new equality constraint ¢, thus resulting in a more general implementation. The resulting nonlinear
programming problem is thus

tr
P : min J:/ (Yo (@ ()2 + Bopju(1)?) dt
X te

s.t. Cmot (X) = res(q. 4. d, P, P, u)
Ctube (X) = —¢(8) +ew1(q.§) — c(a(H)w2(q. 4, P)
Caux (X) = —(Uaux + U) + Uida-pbc (G, G, P)
Ca(x) =—a(t+dt)+a(t)+a(t+dt)dt+ (a(t+dt) +c‘i(t))dt2/4
AintgX — bintg =0
0= -q(t) + out
0=—y(tr) + yq(tf)
vﬁ]eq(,y) 2¢(t)>0

vi"r‘]eq(,y) 2a(t) >0

where yqp; and Bopj are weights of the elements of J. The term res(q, 4, 4§, P, P, u) is the residual of the dynamic
equation considering the control input v, and cyot ~ 0 when a solution of this equation is found. The constraint cyype
represents the dynamic tube equation, the constraint cauy is related to the ancillary control uiga-pc (9, 4, P), and the
constraint ¢, accounts for the fact that both a and & are time-varying. Thus, differently from [37], accounting for &
and & results in a larger nonlinear programming problem (NLP), that is a larger search domain for the design variables,

which is beneficial for finding optimal solutions to more complex tracking problems. However, the gradient-based

dynamic tube MPC
(IDA-PBC)

Usp

+
i e
Uge + y

feedforward control
(inverse dynamics)

FIGURE 1 Block diagram of the dynamic tube-MPC algorithm for underactuated mechanical systems.
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search algorithm employed for the NLP vyields additional locally optimal solutions, which should be assessed with
respect to the tracking tasks (i.e., confirming that the system follows the prescribed trajectory).

The matrix Ajqtg and the vector bj,g result from the time integration with the generalized—a method [40], which
yields a stable convergence for constrained mechanical systems [41], hence it is well suited for trajectory tracking.
The generalized-a method is a generalization of the Newmark formula [42], and it can be written as

g(t+dt) = qgt)+(1—-ya(t)dt+ya(t+dt)dt (6)
q(t+dt) = q(t)+c'](t)dt+(% —p) a(t)dt? + Ba(t + dt)dt? (7)
a(t+di) —ama(t) + (1 —ar)G(t+dt) + arg(t) )
(1 =am)
where a, = 2;;";]1 ,af = %, Y =1 —am+ar, B = (y+ %)% are numerical parameters that can be freely chosen

to combine unconditional stability and second-order accuracy, and a(t) is the so-called pseudo acceleration. The
parameters an,, ar, y, f depend on the spectral radius at infinite frequencies p., € [0, 1], thus varying p., from 1 to O
allows increasing the numerical damping [40]. Note that these equation have a linear structure with respect to the
design variables, thus their differentiation leads to constant matrices which depend on the numerical parameters of
the generalized-a method, that is

0o -I 0 -(1-p)Idt O
Af=| -1 -Idt 0 —(3-pIdt? 0 |,
0 0 —arl aml 0
and
0 I 0 —yIdt 0
Al,=l I o 0 -BIdt? 0
0 0 —-(1—ar)I (1—-amI 0

The Jacobian matrix can be computed as

a a
Ak Ak+1
a a
A Ak Ak+1
intg = . 5
a a
Ak Ak+1

which has a block diagonal structure, while by = 0. In addition, boundary conditions are established for g at

the beginning and for y at the end of the time horizon. The complete set of equality constraints is thus given
M ) () (1) (Neot) (Neot) (Neot) (Neot)
» Ca

by ceq = (cmot, Ceube Caux: Ca -+ Crot > Cruba. » Caux ), and the set of inequality constraints is given by
Vineq = (V{f M ye M ya (Mot) ye  (Mot)y | where v@  and v¢_ impose positive values for « and c. In
Ineq Ineq Ineq Ineq ineq Ineq

particular, minimizing the tube variable «a is equivalent to minimizing the output error in the objective function of the

dynamic tube-MPC implementation.

In summary, the feedforward control is computed as a stable inversion dynamics problem with an optimal control

approach as in [38], and the feedback control law is activated and computed according to # when the output error is
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larger than a predefined tolerance (see Figure 1, where Hy (g, §) is the mechanical energy of the closed-loop system).
Compared to the IDA-PBC control (3), the ancillary control includes an additional dissipative term ug (g, §), which is
accounted for in the optimization problem. Thus, the tracking error is minimized indirectly in the performance index,
and additional equality constraints based on the tube dynamics (5) are introduced in the MPC optimization problem.
The resulting dynamic tube-MPC control policy is

7T = Ufp = KpU + Kalaux, (9)

where the gains k, and k, affect the responsiveness of the system and should be chosen appropriately to achieve a
satisfactory performance.

3 | SOFT CONTINUUM PLANAR MANIPULATORS

The main contribution of this work is the formulation of the dynamic-tube MPC for a class of soft continuum inexten-
sible manipulators with fluidic actuation that bend on a plane due to pressurization of one or more internal chambers,
which is achieved either with a regulated pressure or a variable flow rate. In the former case, the ancillary control
and the tube dynamics only depend on the outputs y = 8 and y = @ rather than on the full state (g, p) which may
not be measurable. In the latter case, the control input is not affine in the momenta p thus the design of the ancillary
control and the dynamic tube equations need to be modified accordingly. Similarly to [36, 37], the ancillary control is
obtained analytically and is accounted for in the optimization, and its role is to ensure that the output 8 remains in a
robust control-invariant tube around the nominal trajectory.

Rest configuration

Inextensible axis

Cross section

Reference plane

FIGURE 2 Schematic of a soft continuum inextensible manipulator with three equal internal chambers (i.e. one
of them being pressurized), and corresponding rigid-link model with n = 3. The manipulator always bends on a plane
due to pressurization of either one (as shown in the section view) or multiple internal chambers, while extension is
prevented by a central intextensible element [11]. The parameters of the rigid links are defined in the Appendix.
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3.1 | Dynamical model for direct-torque actuation with regulated pressure

The system dynamics is approximated with a series of rigid-links connected in series by n virtual elastic joints with
stiffness k and damping b as in [15, 43, 11] (see Figure 2). This approach is based on the so-called pseudo rigid body
model, which approximates compliant structures by introducing an arbitrary number of virtual elastic joints (see [44]
for details). Since the model has n degrees of freedom (DOFs) and m = 1 control input (i.e. in case only one internal
chamber is pressurized) it is underactuated. This model is representative of miniature soft continuum manipulators
with a uniform cross section actuated by digital pressure regulators [11]. In such case, neglecting the pressure dynam-
ics of the fluid and assuming that the control input corresponds to the bending moment generated by the pressure
is a reasonable approximation, provided that the digital pressure regulator is much faster than the soft manipulator

itself. The following assumptions are introduced for controller design purposes.

Assumption 1: The tip rotation 8 = G"q = 7, gi and its time derivative 6 are known at any instant and are
bounded. In addition, all sections of the soft manipulator bend in the same direction, that is g;q; > 0 Vi, j, however
g; and g; are not directly measurable since they refer to virtual joints.

Assumption 2: The bending stiffness k and the physical damping D = bI > 0, where I is the identity matrix of
dimensions n x n, are uniform along the length and accurately known. The system moves on an horizontal plane, thus
gravity forces are negligible. The disturbances § € R™ are matched (i.e. they affect the system dynamics in the same

way as the control input) and bounded, that is |§| < &, where & > 0 is known.

The Hamiltonian corresponding to the rigid-link model is H = 17/37'M‘1p + %qTq. In the absence of disturbances,
the energy-shaping control law that achieves the regulation of the tip angle 6 = 6* (i.e., y = y4) computed according
to the IDA-PBC methodology (3) is

k ky -

Ues = =0 + kpkm (6° = 6) — —6, (10)
n km

where the tuning parameters are k,, and k,, which refer to the kinetic energy shaping and to the potential energy

shaping respectively, and k,, which refers to damping assignment [11]. Note that (10) does not depend on the damping

b, which therefore can be uncertain. The closed-loop dynamics of the system obtained by applying the control input

(10) and expressed in port-Hamiltonian form is

0 kmI
—kmI —kmD - Gk,GT

VoHqg
VpHy

0
Gé

q| _

e : (11)
p

where the total energy is Hy = ﬁpTM*p + ﬁ (27:1 q’+ @ (6-6%2- %) which has a strict minimizer at

the equilibrium (8,6) = (6*,0) and verifies the matching PDEs (see Section 2.1) with My = k;,M and J, = 0, while
G =[1,1,1] if n = 3 (see [11] for details).

3.2 | Ancillary control and tube dynamics for direct-torque actuation

The ancillary control is defined here for soft continuum manipulators with direct-torque actuation by employing (5).
To this end, we define a sub-domain of attraction for the closed-loop system (11), that is

Q= {(q.p) €R¥|Hy (q.p) < c}. (12)
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where c is a positive scalar time-varying parameter representing the width of the dynamic tube. Once the system
trajectory enters the sub-domain of attraction (11) it should remain there indefinitely. To this end, the closed-loop
energy Hy should decrease at a faster rate than the scalar c. Conversely, in case the system trajectory lies outside the
sub-domain of attraction, the additional control action v is introduced to bring the system trajectories to Q..

Proposition 1: Consider system (1) with Assumptions 1 and 2 in closed-loop with the IDA-PBC control law (4)
where ues is given in (10), while ug and the tube dynamics ¢ are defined as

14
up = —ac—6,

gy mT (13)
C—H|6|€—G’Cae .

Assume that the parameter a verifies the condition k, > ac. Then, all system trajectories originating in Q. remain in
Q. indefinitely. In addition, all system trajectories starting outside Q. converge to Q. asymptotically.

Proof: Computing the time derivative of Hy and substituting (11) yields

Hy=- (M‘1p)T (% +G:—;GT) (M‘1p) - é (M"1P)T Gs,
m

and substituting = GT M~"p gives

Fg S—(M_1p)T(%)(M‘1p)—:—ééz+i|é| 151 (14)

To prove the first claim we compute the inequality Hy < ¢, or equivalently Hy — ¢ < 0, while substituting (13) and (14),
which yields

: . 4\ (D _ ky - 1. 1 . 1.
Hd—cs—(M ‘p) (a)(M ]p)—é92+a|e||5|—a|9|s+ack—2€2. (15)

m

Since D > 0 and |§]| < € by hypothesis, it follows from (15) that

b ) (m7p) - Lk_z‘”e‘2 <o0.

m m

/-'/d—c'g—(M*p)T(k

which is verified for all ac < k,, thus the system trajectories starting in Q. remain in Q. indefinitely.

To prove the second claim we define the Lyapunov function candidate W = Hy — ¢ which according to (12) is
positive definite outside Q.. Computing its time-derivative while introducing vg and substituting ¢ from (13) yields

; 4\ (D kv -7\ (ps-1 u 1 T 5
Ws—(M p) (E+GEG )(M p)+EG+H|9|(|5|—5)+ack—29. (16)

m

Substituting ug from (13) into (16) yields

W< - (M-1P)T (kg +GII:—VGT) (M-1p) - ki 6] (e - 181) <o
m m

2
m

where |§]| < g, thus W converges to zero and the system trajectories starting outside Q. converge to Q. asymptotically
concluding the proof m
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3.3 | Dynamical model for fluidic actuation through variable flow rate

In case the soft continuum manipulator is actuated by a variable flow rate through an appropriate valve arrangement,
a different system model is employed which includes the pressure dynamics of the fluid. In addition, a further assump-

tion is introduced.

Assumption 3: The fluid is isentropic and inviscid, and the bulk modulus Iy, which characterizes its compressibility,
is known. The pressure P of the fluid, its density p, and its speed v are uniform. In addition, the pressure P is known
at any instant and bounded. Finally, the disturbances & act on the system dynamics in the same way as the pressure,
that is, they are matched with respect to the pressure but they are not affine in the control input.

For inextensible manipulators, the volume of the fluid in the internal chamber can be approximated as V = Vp+Ar6,
where A is the area of the cross section of the internal chamber and r is the distance from the centroid of the chamber
to the center of the section, while the constant V includes the volume of the supply pipes (see Figure 2). It follows
that the speed of the fluid flow can be approximated as v = ré. In case of incompressible fluids, the total mechanical
energy is given by H = 1p" M7 'p+ 1q"Kq + ®, where ® = (—P +p(eP/M - 1)+ %przéz) (Vo + Ar6) is the sum of

the internal energy and of the kinetic energy of the fluid [20]. The system dynamics in port-Hamiltonian form is thus

gl [o I o |[veH] [ o
pl=|-1 -D A G| |V,H |+ |-Gs|. (17)
Pl o -DMeT o ||VeH| |Ru

where the system states are the position g € R”, the momenta p = Mq ,Where M = M +pr?VGGT includes the
inertia of the fluid, and the pressure P € R in case of a single pressurized chamber. In the absence of disturbances,

the control law for the regulation of the tip angle 8 = 8* computed with an energy-shaping procedure [20] is

(Vo + Arb) (1 +km (—% +kpkm))é+ (Vo + Ar6) &

. k % 18
bes = Arf— 2 A ki |8+ Kok (00 = 0) — PAr | (18)

where the tuning parameters are k,,, k,,, k;. Note that in this case the parameter k, is missing, since the energy-shaping
procedure does not include a damping assignment. Instead, the parameter k; refers to the internal energy of the fluid.

Similarly to (10), the control law (18) depends on 6, 6, and does not depend on the damping parameter b.

The closed-loop dynamics resulting from (18) expressed in port-Hamiltonian form is given as in [20]

g 0 kmI 0 VoHq 0
ki~ &-+kpkim
p|=|-kmI —kmD ——————LG||VoHa| - |GS|, (19)
p Tk (- &4kpkm) & VpHy 0
0 ———&—C ~Ar
where Hy = z-p" M~ p+ 5 (2{;1 q?+ # (6-6%)2- §)+g2/2, and¢ = —X8 gk, (6" — 6)+PAr. In particular,
Hy has a strict minimizer at the equilibrium (8, 6, P) = (6*,0,P*), where P* = % in the absence of disturbances.

Since system (17) has an extended dynamics compared to (1), the control law (18) is more complex than (10), and the

closed-loop Hamiltonian also depends on the pressure P.
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3.4 | Ancillary control and tube dynamics for fluidic actuation

Similarly to (12), the sub-domain of attraction for the closed-loop system (19) is defined as
Qc = {(9.p.P) €R?™|Hy (q.p.P) <cf. (20)

where c is the width of the dynamic tube. Note that in this case Q. depends also on the pressure P.
Proposition 2: Consider system (17) with Assumptions 1 to 3 in closed-loop with the control law
Ues Hg(q,p,P) <c,

Uida-pbc = (21)
Ues + Up Hgq(q,p,P) > c,

where ues is given in (18), while ug and ¢ are defined as

- v
upg = —acgw,

. (22)
¢ = ﬁ |9|£ —acg?.

Assume that the parameter « verifies the condition k;Ar > ac. Then, all system trajectories originating in Q. remain
in Q. indefinitely. In addition, all system trajectories starting outside Q. converge to Q. asymptotically.

Proof: Computing the time derivative of Hy and substituting (19) yields

A== () () () - 5 (7] - s’

m

and thus

Hy < - (ﬁ_lp)r (kg) (ﬁ_1p) — kiAr¢? + kLm |9| |8]. (23)

m

To prove the first claim we compute the inequality Hy < ¢, or equivalently Hy — ¢ < 0, while substituting (22) and (23),

which yields

m

. — T(D)\/— 1. 1.
. —1 | 2 2
Hd—cs—(M p) (k—) (M p)—k,-Arg +E|G||6|—H|G|s+(xcg . (24)
Since D > 0 and |§]| < ¢ by hypothesis (see Assumption 2), it follows from (24) that
. — T(D)\ / —
R v v 1\ (pAr 2
Hy—-é< (M p) (km) (M p) (kiAr —ac)¢? <0,

which is verified for all ac < k;Ar. Thus, the trajectories of the closed-loop system starting in Q. will remain in Q.
indefinitely.

To prove the second claim we define the Lyapunov function candidate W = Hy — ¢ similarly to (16). Computing

its time-derivative while introducing ug and substituting ¢ from (22) yields

FoAr
4

W< - (/M\_1p)T (kE) (M_1p) - k,-Arg2 + ug

m

g+i|é|(|5|—s)+acg2. (25)
km
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Substituting ug from (22) into (25) yields

W<-— (7\4\’1/))7— (%) (I’\4\’1p) - /<,-Arg2 + kim |9| (|6]—€) <0,
thus W converges to zero and the system trajectories starting outside Q. converge to Q. asymptotically m

Remark 1. Differently from (5) which requires full state feedback, (13) only depends on the output . Inspecting
(13) shows that the term ug modifies the damping assignment, which is governed by the parameter k,, by introducing
a further damping term proportional to the tube width c. Instead, the control ug in (22) introduces a term proportional
to ¢ which contains the position error (6* — 8) but does not depend on the velocity 4. Thus ug in (22) increases the
parameter k; by the amount ac yielding a stronger proportional-control action. Inspecting (19) however, reveals that
k; is also associated to dissipation, but this effect is related to the pressure dynamics rather than to the velocity. In
conclusion, the term wug is associated to dissipation for both system models, which results from employing energy-
shaping principles based on IDA-PBC. However, the type of dissipation depends on the specific model and does not
necessarily correspond to damping.

Remark 2. It follows from Assumptions 2 and 3 that only the effect of matched disturbances is considered in
either (13) or (22). In principle, unmatched disturbances could be accounted for by including an adaptive observer
(see Proposition 2 in [37]). However, the limitations imposed by Assumption 1 (i.e. that only 8 and its time derivative
are directly measurable) precludes this possibility. To highlight this point we rewrite (15) for the case of matched and
unmatched disturbances, which yields after factoring common terms

Hy=e < =(w'p)" (2] (m7'p) - S04 o (|m-'o] 81l ).

Note that the inequality [M~"p| 6| - |§| e < O resulting from the last term is not verified for any ¢ in case § = 0
and |M’1p| # 0. This condition can occur if the angular velocities of different virtual joints have opposite sign, that is
gid; < 0forsomej,j. Inaddition, defining the tube dynamics as ¢ = ﬁ |M~1p| s—acééz yields a non-implementable
expression, in case the position g and the velocity ¢ of the virtual joints which appear in M~'p are not measurable.
This limitation might be overcome by estimating g and ¢ with a state observer, which shall be investigated in future
work. Conversely, if g;g; > 0, there exist some & such that IM~'p||8| < |6]e, which suggests that the ancillary control
laws (13) and (22) actually have some ability to reject unmatched disturbances (see Section 4).

4 | SIMULATION RESULTS

This section illustrates the proposed dynamic tube-MPC for a soft continuum manipulator, which is an underactuated
mechanical system. Both direct-torque actuation through a regulated pressure and fluidic actuation through a variable
flow rate are considered. The system is subject to parametric uncertainty and external disturbances, either constant
and matched or time-varying and unmatched.

Simulations have been conducted for a model with n = 3 DOFs and m = 1 control input, resulting in an underactu-
ation degree n — m = 2. This choice is motivated by our experimental work (see [5, 11]) which has demonstrated that
this approximation is appropriate for our soft continuum manipulator prototypes. Note however, that the control laws
(10), (13) and (18), (22) are valid for any value of n. The position vectoris g = (g1, g2, g3)7, and the initial configuration
corresponds to all links aligned, that is g(tp) = (0,0,0)7. The system outputis y = G” g = g1 + g2 + g3 = 6. The time
discretization has been implemented with 150 points, the initial time is tg = 0.0s, the final time is t; = 5.0 s, thus the
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time interval is t — to = 5.0 s, and the time step is dt = 0.0336 s. The tuning parameters in (10) have been chosen
empirically as k, = 0.1, k, = 0.6, kK, = 22.0,and € = 1.0in (13). The weights in the performance index of the nonlinear
programming problem have been tuned empirically as Bqp; = 0.1 and yqp; = 1.0.

4.1 | Direct-torque actuation through regulated pressure

The equations of motion for the model with direct-torque actuation through regulated pressure is
M(q)§+Dg+Kqg=Gu (26)

where M, D, K, G are defined in the Appendix. The dynamic tube-MPC problem # is defined by the constraints and
equationsin Table 1: the residual equation of motion corresponding to the constraint ¢y,ot; the dynamic tube constraint
Ctube; the IDA-PBC control law used in the auxiliary constraint caux, where kp, k,, and &, are tuning parameters (see
Section 3.1). Note that P and P are not included in the design variables in this case. To assess the effectiveness of
the proposed algorithm, model uncertainties and bounded external disturbances have been considered in addition to
the inherent numerical optimization errors. In particular, the model uncertainties are related to the damping 6 in the
virtual joints, such that the difference between model and plant is Ab = 0.0001 Ns/rad, while the external matched
disturbances are § = &y x [1;1; 1] Nm with &g > 0 corresponding to a bending moment applied to the distal link.

Figure 3 shows the simulation results for an output trajectory corresponding to an hyperbolic tangent, that is
ya(t) = £+ tanh(%(r — 2.5))). In this case, we have set k, = 800, k, = 1, and ps = 0.5, while the output
error tolerance is 0.0195 rad. Figure 3(a) shows the reference trajectory and Figure 3(b) shows that the control policy
corrects the output during the time interval 2.4 < ¢t < 2.6. Figure 3(c) shows the output error y,; — y, which has a
maximum amplitude of approximately 0.023 rad. Figure 3(d) shows the angular positions of the virtual joints, which are
almost coincident, Figure 3(e) shows the corresponding angular velocities, and Figure 3(f) shows the phase diagram.
Figure 3(g) and Figure 3(h) show the time history of the tube variable a and of its time derivative &, which is not
constant differently from our previous implementation [37]. Figure 3(i) shows the tube geometry that is updated
when the dynamic tube-MPC is activated. The parameter ¢ decrease exponentially when the output error falls below
the predefined tolerance and uy,, is deactivated. In summary, oscillations in the tube variables (a, &) and in the tube
geometry (c) are indicative of the complexity of the tracking problem. The sudden variation of the tube variables results
in a corresponding change of the control policy which has the effect of reducing the output error. Thus, a suitable
choice of the tuning parameters for the specific tracking problem is essential for good tracking performance. In this

Constraints = Equation/function Soft manipulator with direct-torque actuation
Cmot res(q, q, g, u) M(q)§+Dqg+Kq—Gu
Ctube w1 (4, 9); wa(q, 9) wi(a.4) = g 10 wa(q.4) = -6
Caux Ues(q, §) Ues = X6 + kpkm (6" —6) — ,%é
uo(q, ) —acg-6
Ha(q.9) P Mt g (20, 07+ 25 (6-07)7 - &)

TABLE 1 Constraints and functions related to the optimization problem # for direct-torque actuation.
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respect, higher complexity due to the system dynamics or to the specific trajectory can pose numerical challenges.
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FIGURE 4 Simulation results illustrating the effect on performance of the parameter & in (5).

Figure 4 illustrates the effect on performance of the parameter &, in (5) considering the values k, = 1300, 800. In

35 4 45 5
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this case/problem, convergence is achieved by 330 < k;, < 1300. Note that the values of k, and &, are specific to the
model parameters and to the target trajectory. The effect of different matched disturbances has been assessed using
& = 0.00001 x [1;1; 1] as reference and three multiplicative factors (i.e, factor = 1,200, 1000) with the same tuning
parameters. The system response is illustrated in Figure 5: while the simulation results indicate that the dynamic tube-
MPC can cope with different disturbances, a constant output error is nevertheless present. In particular, the error is
smaller for the reference representing the smallest disturbance since the controller parameters have been tuned for
this condition, which corresponds to Figure 3. Note that further performance improvements can be obtained for the
larger disturbances (i.e., factor= 200 and 1000) by appropriately tuning the control policy gains. A further set of results
is shown in Figure 6 in order to compare the dynamic tube-MPC with a simpler tube-MPC that employs fixed values
of a and ¢, as in [29]. The results indicate that the proposed dynamic tube-MPC yields a smaller output error and a
reduced control action.

Output error control input Tube geometry (c)
0.06 1 14
—u = factor = 1
uy, (factor = 1) 12 AN, = factor = 200

004 08 Ug, (factor = 200) i i * =+ factor = 1000
- u_(factor = 1000) | H
g — u f I
g 0.02 E 0.6 0.8 !
> zZ A :
‘s o S04 06 :
> H
0.4 ] H
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0.2 I :
B
-0.04 0 " -0 . . 0 H

0 1 2 3 4 5 0 1 2 3 4 5 2 25 3 35 4 45 5
t[s] t[s] ts]
(@ (b) (c)

FIGURE 5 Simulation results illustrating the sensitivity to external disturbance.
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FIGURE 6 Simulation results comparing the proposed dynamic tube-MPC with a tube-MPC that has fixed tube
parameters.
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4.2 | Fluidic actuation through variable flow rate

For the soft manipulator with fluidic actuation achieved through a variable flow rate (see Section 3.3), the equations

of motion employed in the MPC optimization problem also include the pressure dynamics, that is

M(q)§+Dg+Kqg—GP =0 29
(Vo+Ar(GTq))P/To+ Ar(GT §) = u,

where u[mm?/s] is the volumetric flow rate, P is the time derivative of the pressure P, and M(q) has been de-
fined previously (see Section 3.3). The model parameters in (27) have been chosen for illustrative purposes as A =
28.27 mm2, Vy = 24.74 mm?>, r = 3x 1073 m, and Iy = 2x 10* bar, p = 1 g/cm? corresponding to water. The constraints
and the functions that define the MPC optimization problem # are given in Table 2. Note that P and P are included
in the design variables in this case.

Constraints Equation/function Soft manipulator with fow-rate actuation
. M(q)§+Dg+Kg—GP
Cmot res(q,4,4, P, P,u) 9 .q 7
(Vo+Ar(GTq)P/To+Ar(GTg) —u
Ctube wi(q,4); wa(q. 4, P) wi(q,9) = = 161;  wa(q.d) = ¢?
. . Vo+Arg) (1+km(=%+kokm)) . (vyrare .
Caux ves(q, 4) Arg - Cad ) (kmA,” ))0+ ( Sl ) k; (§a+kpkm (6" - 0) - PAr)
uo (g ) ‘“Cgﬁ
. — kpk \ 2
Hq(q.9) 2P Mo+ 5 (S0 @+ 5 (0097 - G ) + 622

TABLE 2 Constraints and functions defining the optimization problem # for fluidic actuation through a variable
flow-rate.

Figure 7 considers an output trajectory corresponding to an hyperbolic secant, that is y,(t) = 7;sech( % (t-2.5)),
and shows the effect of the time-varying unmatched disturbances § = 0.001 x [sin(4t);sin(4t + x/10);sin(4t + 7 /8)],
where the phase shifts #/10 and 7 /8 are related to the second and third virtual joint, in addition to the uncertain
damping. The same tuning parameters have been employed as in Figure 3, while the control policy gains have been
set to k, = —3.0 and k, = 0.06 and a different reference trajectory has been used. In summary, the feedforward
control is different due to the new trajectory, and the tube geometry is more complex due to the pressure dynamics
of the fluid, and the time-varying unmatched disturbances considered.

A further set of results is shown in Figure 8 in order to compare the proposed dynamic tube-MPC implementation
(i.e. v2), which accounts for the fact that both a and & are time-varying in the modified equality constraints c, of P,
with our previous work [37] (i.e. denoted by v1) in the presence of a more complex dynamics, a different trajectory, and
time-varying external disturbances. The results show that the proposed dynamic tube-MPC yields a smaller tracking
error compared to [37] (i.e. the output error for v2 goes to zero in Figure 8(a)) thanks to a more complex tube geometry
(see Figure 8(c)). In addition, Figure 8(d)) to Figure 8(f)) correspond to smaller values of the gains k, and k, in (9) (i.e.
the values are 40% smaller compared to Figure 8(a)). In this respect, the results indicate that the proposed dynamic
tube-MPC implementation is less sensitive to the tuning parameters and yields a more consistent response, which

can be beneficial in engineering practice. Figure 9 shows a set of simulation results related to a non-smooth trajectory,
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FIGURE 7 Simulation results for the case of fluidic actuation with ps, = 0.5 and unmatched disturbances.

where six intermediate points were taken from the reference trajectory in Figure 7 and were connected with a linear
interpolation method. The control policy gains were tuned as k, = =10 and k, = 0.2. The results highlight the ability of
the proposed algorithm to deal with non-smooth trajectories for the class of soft continuum manipulators considered
in this work. Additional results for the tracking control of different underactuated mechanisms with non-smooth
trajectories have been presented in our previous work [37]

5 | CONCLUSION

This work presented a dynamic tube-Model Predictive Control formulation for the tracking control of soft continuum
planar inextensible manipulators with fluidic actuation. In particular, the ancillary control was derived analytically with
energy-shaping principles, and it introduces a dissipative action when the trajectories are outside the sub-domain of
attraction corresponding to the dynamic tube. Simulations results indicate that the proposed control policy yields
satisfactory tracking performance in the presence of either time-varying or constant bounded disturbances, and it

performs better than a fixed tube-Model Predictive Control yielding smaller output errors across different types of
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40% smaller values of k, and k;, for both v1 and v2.
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FIGURE 9 Simulation results for a non-smooth trajectory.

disturbances, and exhibiting lower sensitivity to the tuning parameters, which is beneficial in engineering practice.

Nevertheless, a number of aspects require further investigation. First of all, the ancillary control and the tube
dynamics have been designed assuming that the disturbances are matched. In principle, this assumption could be
relaxed by estimating the position and the velocity of the virtual joints with a state observer at the cost of higher
complexity of the control algorithm. Furthermore, the proposed models do not account explicitly for the effect of
gravity, even though this can be included in the lumped disturbance. In principle, including the effect of gravity within
the potential energy of the system is expected to yield faster response and better tracking performance, thus it shall
be investigated in future work. The class of systems considered in this work shall be extended to include different
types of soft continuum robots and different actuation strategies. Finally, we aim to study the effect of the tuning
parameters on performance and on stability, to investigate the stability of the proposed algorithm, and to conduct
experimental tests with our prototypes.
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APPENDIX

The matrices in equation (26) are

¢+ cpc0s(gp) +c3¢0s(q3) + ¢4 cos(ga + q3) * *
M(q) =| cg+cocos(qa) +c10c0s(qs) +c11€0s(ga +qG3)  cs+csCos(qs)  * |,
c12 + €13 €0S(q3) + €14 COS(q2 + q3) c15+¢16C0S(q3) €7 (A1)
b 0 O kK 0 0 1
D=0 b 0 |LK=l 0 Kk 0 |.G=| 1 [,
0 0 b 0 0 & 1
and the constant parameters in the inertia matrix are
Cc1 = /12m1/4+ /12m2 + /fm3 +C5, Cp = /1 /2m2 + 2/] /2m3,
c3 =Ilhlsms, ¢4 =1l1ms3, c5= l22m2/4+ I22m3 +c7,
ce=c3, c7=12ms/4, cg=cs, cg=0c2/2, c10=Cs (A2)

ci1 =c4/2, c1a=c7, €13 =0C3/2, c14=c4/2,

c15 =¢7, C16 = C3/2.

The numerical values of the parameters are given in Table 3, where the total length of the manipulatoris lp = /1 +/+/3+/4

and its total mass is mg = mqy + my + m3 + my. In particular, the first link /; is static [11].

Parameter Value

total length: fy = fo = 100/1000 m

length: /; 1012.5/100 m
length: /, /p37.5/100 m
length: /3 /037.5/100 m
length: /4 1012.5/100 m

total mass: mg  mg = 1.5/1000 kg

mass: m mp12.5/100 kg
mass: mop m37.5/100 kg
mass: ms m37.5/100 kg
mass: my mp12.5/100 kg
spring: k 5.0 N/rad

damper: b 0.015 N.s/rad

TABLE 3 Parameters of the rigid-link model (see model schematics in Figure 2)



