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Discrete-time model based control of soft manipulator with FBG sensing
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Abstract—1In this article we investigate the discrete-time
model based control of a planar soft continuum manipulator
with proprioceptive sensing provided by fiber Bragg gratings.
A control algorithm is designed with a discrete-time energy
shaping approach which is extended to account for control-
related lag of digital nature. A discrete-time nonlinear observer
is employed to estimate the uncertain bending stiffness of the
manipulator and to compensate constant matched disturbances.
Simulations and experiments demonstrate the effectiveness of
the controller compared to a continuous time implementation.

I. INTRODUCTION

Model-based control of soft manipulators poses consider-
able technical challenges, since these systems possess more
degrees-of-freedom (DOFs) than actuators and sensors. As
a result, the use of classical model-based control methods
is either precluded or it requires neglecting the dynamics of
the unactuated DOFs, which can compromise performance
in some cases. Conversely, energy shaping controllers [1]
can account for underactuation thus yielding more consistent
performance compared to classical approaches. The use
of proprioceptive sensing holds promise to facilitate the
controller design, since it could enable full-state feedback,
as opposed to output feedback. In this respect, promising
sensing modalities include piezoresistive sensing skins [2],
[3], and fiber optic solutions [4], [5]. Among the latter, fiber
Bragg grating (FBG) has been shown to provide acceptable
accuracy and small footprint [5], [6]. Regardless of the
sensing principle, many proprioceptive sensing solutions
involve reconstructing the position or the shape of the soft
manipulator from multiple measurements by employing dig-
ital signal processing or data driven techniques. As a result,
the computation of the control input can be affected by lag,
which should be taken into account in the controller design
to avoid performance degradation. In principle, a control-
related lag bears some similarity to the effect of actuator
dynamics, which has been investigated in recent works [7],
[8], [9]. Nevertheless, control-related lag is digital in nature
hence a discrete-time control formulation is more appropriate
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to account for its effect [10], [11]. A further challenge is the
effect of proprioceptive sensors on the mechanical properties
of the soft manipulators, which may result in uncertain
model parameters. While recent controllers for soft robots
have included either nonlinear observers [12], [1] or integral
actions [13] to account for external disturbances, the study
of model uncertainties has received less attention.

In this paper we investigate the model based control of
a planar soft continuum manipulator with proprioceptive
FBG sensing by employing a discrete-time port-Hamiltonian
formulation and an energy shaping control approach. The
main contributions of this work include the following points.

o A new discrete-time controller design is presented, that
extends the energy shaping formulation [14], [10] by
accounting for control-related lag of digital nature.

o A discrete-time nonlinear observer is constructed to es-
timate the uncertain bending stiffness of the manipulator
and to compensate for constant matched disturbances.

« Stability conditions are discussed, and numerical sim-
ulations and experiments are employed to assess the
performance of the proposed controller compared a
model-based continuous time implementation [1].

Section II presents the system model, and Section III
details the controller design. Section IV presents simulations
and experimental results, and Section V concludes the paper.
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Schematic of soft continuum manipulator and test setup.

Fig. 1.

II. SYSTEM MODEL

We consider a soft continuum manipulator such as [15],
which has three internal chambers and an inextensible central
axis to prevent elongation. While the manipulator can bend
on any plane by pressurizing multiple chambers simultane-
ously, we assume for simplicity but without loss of generality



that a single pressure source supplies only one chamber.
In the absence of lag, the control input corresponds to the
bending moment y generated by the pressure P set by a
digital regulator. Due to the fast response of the regulator
(£ 10 ms ) compared to the that of the manipulator [13],
the pressure dynamics is not accounted for explicitly in this
work. At equilibrium and in the absence of external forces,
the tip rotation 6 of the manipulator depends on the bending
moment y due to the pressure P, according to

0=y/k, (1)

where k' is the bending stiffness [16].

The dynamics of the soft continuum manipulator on the
bending plane is approximated with a rigid-link model that
has n virtual elastic pin joints of stiffness & and damping
Dq in series [17] (see Figure 1). This approach is based
on the pseudo-rigid-body model which approximates the
force/deflection relationship of a flexible mechanism by
introducing virtual elastic joints [18]. Indicating with ¢; the
angle of link ¢ relative to link ¢ — 1 yields § = > | ¢;
and k = nk’. In this case, the virtual joints g; correspond
to the FBG sensing elements, thus the resulting model has
n DOFs and one control input, which acts equally on all
joints. The mechanical energy of the system is H(q,p) =
%pTM’lp + Q, where M = M7 > 0 is the inertia
matrix, p = M¢ is the momenta, and Q) = %quq is the
potential energy [13]. Employing the Euler approximation,
the discrete-time open-loop dynamics in port-Hamiltonian
form in the presence of matched disturbances ¢ is

[Zq - m T [—(}” —IH [gjg] +T {g] (y—9)
@

where ¢ and pT are the updated values of the states, T' > 0
is the sampling interval, [ is the identity matrix, D = Dyl >
0 is the physical damping matrix, V,H and V,H represent
the continuous gradients in ¢ and p. Since the pressure affects
all joints in the same way, the input matrix is GT = [1 1 1]
for n = 3. In this work, the bending moment y generated by
the pressure P is related to the control input u according to
the first-order dynamics in discrete-time

yT =y(1 —€T) + hoeTu, 3)

where 0 < € < 1/T is a parameter characterizing the lag
(i.e., smaller € for larger lag) and hg > 0 is a constant
depending on the units of measurement of the pressure.
Using the Euler approximation, which is not Hamiltonian
preserving, is appropriate in the context of energy shaping
control [10], [19], since the latter does not aim to preserve
the Hamiltonian H but to reshape it into H ;. For the purpose
of generality, lag is described by (3) without going into the
detail of the specific signal processing techniques employed
for FBG sensing. This approach allows to account also for
hardware-related lag, considering that the response of some
actuators (i.e., of the digital pressure regulator in this case)
can be approximated with a first-order model. The following
assumptions are introduced for control purposes.
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Assumption 1. The bending stiffness £ > 0 is uncertain
but bounded; ¢ and all other model parameters are known.

Assumption 2. The position ¢ and the velocity ¢ are
measurable and bounded, that is 0 < ¢ < g and |¢| < o7.
The bending moment y is known from (3) and bounded, that
is 0 < y < 3. The positive bounds o, 01, 02 are known.

Assumption 3. The manipulator moves on an horizontal
plane hence €2 does not account for gravity effects. The
matched disturbances § are unknown but constant.

ITI. CONTROLLER DESIGN
The control goal is the regulation of the tip rotation to
6@ = 6" > 0 in the presence of an uncertain stiffness k, an
unknown ¢, and of a known lag defined by €. Accounting for
0 is motivated by the fact that no bending is observed in our
prototype until the pressure is larger than a given threshold.

A. Discrete-time observer

The stiffness k& and the disturbance § are estimated with
a nonlinear observer constructed according to the Immersion
and Invariance methodology [20] in its discrete implemen-
tation [21]. The estimation errors (p and (; are defined as

Go=0+p"By =9,
Cl = k+pTﬁf _k7
where the stiffness estimate is k = k -+ pTB; and the

disturbance estimate is & = 0 + pTBQi. The update laws for
the functions /3, , 8; and the states § and k are given by

“4)

St =6-— TaGTVq (;pTM_1p>
—TaGT (E - oszqf) g+ DV,H -Gy — 5+ apTG)) ,
kt=k+ap"(¢g—q ) —Taq"V, (;pTM_lp)
~Taq” ((E — oszq‘) q+DV,H —G(y -0+ apTG)) 7
Bo = —aG, By = —aq”
with o a constant tuning parameter and ¢~ indicating the
position of the virtual joints at the previous sampling interval.

Proposition 1: Consider system (2) with Assumptions 1 to
3 and with the observer defined by the update laws (5). Then

¢ = G{p + q(; is bounded and converges to zero for a > 0.
Proof: Computing (4) at the next time step and substituting
(2) yields

G =0 +p B0+ T8 (—Vq (;pTM‘lp»
+787 (= (F+9780 — 1) 0 - DV, H)
+T5G (y =5 - "85 +Go) -4,

i =R i+ 10T (<9, ("0 ) )
+T87 (— (@ +p"Br — Cl) q— DVpH)
+T8G (y— 8787 +G) — k.

(6)



Substituting (5) into (6) yields

=60 1-TaG"G) — aTG"q,
F=00-Tag"q") — (aTGq".

Defining the storage function W = (2 + (7 and computing
its increment over a time step while employing the Mean
Value Theorem yields after factoring common terms

WT =W = —aT (G + q¢1)" (GCo + q¢1) + O(T?).
@)

Thus W+ — W < 0 for @ > 0 and for a sufficiently small
T. 1t follows from (7) and from Assumption 2 that { =
GG + qC1 € £2 N L. Computing (p,¢; from ¢, ¢ at
T — 0, yields ¢ € £, hence ( is bounded and converges
to zero asymptotically [22] [J

Remark 1. Differently from our prior works [8], [1],
the observer (5) requires full state feedback and results in
stronger convergence properties. Computing (7) at ¢~ = 0
without employing the Mean Value Theorem yields W+ —
W = & ((1-TaGTG)* ~ 1), which is verified for all
0 < o < £, where GG = n. The upper limit on «
decreases with the sampling interval T' and with n, thus a
slower sampling and more FBG sets require a less aggressive
tuning of the observer (5), which is in agreement with
engineering practice. Note finally that setting ¢~ = 0 results
in ¢;~ = ¢;, which however is a limit conditions, since y > 0
yields 8 > 0 from (1), while 6* > 0.

B. Discrete-time energy shaping control

Before detailing the controller design we recall the fol-
lowing result from [10] for completeness.

Theorem 3.2 [10]: Consider the Euler model (2) with con-
trol input y, Hamiltonian H, and the discrete-time controller

Y =TUe + Uq
T =GN (V,H — MM~ (V Hy) + JoM; 'p)
ug = —K,GT M 'p,

®)

where GT = (GTG)f1 GT and J, = —JI is a free matrix.
The closed-loop Hamiltonian is Hy = %pTM 0 'y + Q4 and
YV Hy = V Hy + TrLy, M~'p, with Ly, defined so that
P = (M7'GGIMM T Ly M7 > 0, and 5, K, > 0 are
tuning parameters. The parameters M, and 24 are such that

G+ (VoH — MgM ™'V Hy + JoV,Hy) =0, (9)

where G is such that GG = 0 and rank(G) +rank(G*)
n. Then, the equilibrium (g,p) (¢*,0), with ¢*
argmin()4) is semi-globally practically asymptotically stable
(SPAS) for sufficiently small sampling intervals [23] pro-
vided that the output GT M a !y is detectable [

The control law u for system (2-3) is designed following
a similar procedure to [9], which is modified here to account
for the control-related lag. Thus, the closed-loop dynamics
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in port-Hamiltonian form becomes

q" q 0 S12 Si3 V,Hq
pT| = |p| +T |-Sla —Se2 S | |VpHa|+n,
y+ Yy —Sﬁ —Sg;) —533 VpHd
(10)
where n7 = T[0 ¢ 0] accounts for the estimation error

¢, Hy = Qq + WlmpTM_lp + 32 is a positive definite
storage function, and V,Hy = V,H, + TkLyGGT M ~1p
where Ly > 0 is a scalar. The potential energy is defined
as in [8], [13] such that it satisfies the minimizer condition

0* = argmin (£2;) and the matching condition (9), that
is Qg = 5 (Y0 2+ 52 (0 -07) - %) with My =

kmM,Jy = 0, and the tuning parameters k, > 0 and
kp, > 0. The term ¢ in Hy is defined as

o~

cmy— ok (0—0)— 5+ LynThyG. (D)
n

Since (11) contains the observer states E 3, the error C is
included in (10). The terms Sj; in (10) are defined as

S12 = km, S13 = —knV,s,

S22 = k(D — a(GGT + g ¢")M), Ss3 = ki,
Soz =G (1+ Gk Vs + GTvapC)

T’ (G®ky Vs + G® 522V 6)

(12)

. . T
where k; is a tuning parameter and G® = (G+G+")~1G*t.
The control input written in compact form is

Y 1
T he " cho
where Sy3, Sa3, 533 are given in (12).

Proposition 2: Consider system (2-3) with Assumptions 1
to 3 in closed-loop with the control law (13) and the observer
defined by the update laws (5). Define the positive constant
parameters k;, k.., a, Ly, and x such that

(S%;quHd + nggvad + SsgC) (13)

Dy kDB 1

© = |knDBT ki +k,DBTB 1iB]|, (14)
I 1pT a
2 2

is positive definite, where Dy = Sao + GGT kT Ly k2, and
B = TkLyk, M~ 'G. Then the equilibrium 6 = 6* is
SPAS for sufficiently small sampling intervals T'. Simplified
conditions for © > 0 corresponding to an infinitesimal 7" are

ki >0, 4k (Dol — a(GGT + ¢ ¢")M)a > 1. (15)

Proof: Note first that substituting the control law (13) into
(2) and (3) yields (10) with the parameters (12). In particular,
equating (2-3) and (10) yields the matching equations

M™p = S12M;'p + S126Vps + S136V s, (16)
Gy —08) — V,H — DV, H =
— 8o (M(le+§vp§) + 5236V (17)

— 5%, (VoHa+ TRLyM™'p+5Vs)



y(1 — €T) + hoeTu =y — T'S335V ¢
—TS35 (M7 'p+ V)
~-TSL (Vqu + TkLyM™'p+ ch<) )

(18)

where it follows form (11) that V,¢ = 1, while Ly, =
Ly GGT. In particular, (16) is verified by My = k,,M and
S12,513 given in (12). Pre-multiplying each side of (17)
by G+ while substituting (11) and (12) yields (9) which
is satisfied by design with J 0 and €24 as previously
defined. Instead, pre-multiplying (17) by GT yields ¢ =
—GY sV s — G826V s + G Sa36, which is verified by
S92, 523 given in (12). Finally, (13) verifies (18).

Before proving the stability claim, we proceed by show-
ing that the structure chosen for the matrix L'V, that is
L/V = Ly GGT, satisfies the condition of Theorem 3.2 [10].

Computing P = (M;lGGTMdM—lL/VM—l) > 0 with
My = k,, M, substituting L/V, and refactoring terms yields

P=M'GG'MM'LyGGTM~!

19
=LyM'GGTM~! >0, (19)

which is verified by all Ly, > 0 since M = MT > 0, and
GGT = (GGT)T > 0 has all elements equal to one.

To prove the stability claim we define the Lyapunov
function ¥ = Hy+ W. Computing its increment over a time
step along the trajectories of the closed-loop system (10) and
using the Mean Value Theorem, while substituting (7) from
Proposition 1, yields for a sufficiently small T'

Ut — W =-TV,H; S22V ,Hy — This?
—aTC ¢ — KLy T?V,HY GGTM~'p + TV, HIT (20)
+T(TkLyky,)*sGTM*GGT M~ p + O(T?).
Refactoring common terms in (20) yields

Ut -0 =-TT0z+0O(T?), 1)

T

where z [M;'p < (] while © is given in (14). If
© > 0 then ¥~V < 0 and the equilibrium is stable. In case
of infinitesimal 7' the inequalities (15) ensure that © > 0. To
conclude SPAS of the equilibrium, we use similar arguments
to Theorem 3.2 in [10]. To this end, note that p, ¢ € £LZ2NL>,
¢ € L2, and (o, (1, ¢ € £%°. In addition, it follows from (10)
computed at T' — 0 that ¢,p,y € £ and from Proposition
1 that ¢ € £ hence also ¢ € £>. Thus p,¢,( and z are
bounded and converge to zero asymptotically [22] for the
continuous-time system corresponding to (10). Since z = 0
is the set of points where ¥+ — ¥ = 0, it implies p™ =
p=0,¢ =0, and ¢ = 0. Computing pT from (10) at z = 0
yields V,Q, = 0, while §* = argmin(€);) by design. Thus
the equilibrium 6 = 6* is the largest invariant set in z = 0
and it is asymptotically stable (see Corollary 3.1 in [24]).
Therefore the equilibrium is SPAS for system (10), where
the practical and semiglobal (in the parameter T") properties
come from the fact that 7" is assumed sufficiently small [10].
Finally, computing (11) at 0=¢=0and f = 0" yields the
bending moment at the equilibrium, that is y* = %9* +350
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Remark 2. Differently from our previous work on soft
continuum manipulators [13], the controller design includes
a damping term dependent on the parameter Ly . As a result,
the expressions of S33 in (12) and of the control law (13)
are more complex. While the effect of the parameter Ly is
similar to the damping assignment achieved in the IDA-PBC
methodology [14] with the parameter K, in (8), it originates
instead from the discrete-time implementation. As a result,
Ly does not affect the closed-loop damping represented by
Soo. This implies that, while setting K,, = 0 as in [8], [9]
preserves the physical damping D in closed loop, setting
Ly = 0 in the discrete-time implementation effectively
reduces the physical damping by a factor dependent on
the sampling interval. To highlight this point, note that
computing (17) while setting Ly = 0 in ¢ and o = 0 requires
redefining Sy = kD — ThoLyGGT < k,,D. Note also
that the parameter « is included in Soo giving raise to a so-
called negative damping assignment. This is caused by the
terms [y and (37 in (5) and yields an upper limit on « in (15),
which decreases with D. Thus, a smaller physical damping
D requires a less aggressive tuning of the observer (5), which
is in agreement with engineering practice. Verifying (15)
ensures that Soo > 0 hence the detectabilty of the output
GTVpHd, which is needed in Theorem 3.2 [10], is not
required in Proposition 2. This results in stronger stability
properties, provided that physical damping D > 0 is present.

Remark 3. Assessing the condition © > 0 requires
solving an eigenvalue problem, which however can be done
beforehand for each 0 < ¢ < o0y, since (14) does not
depend on either p or y. While the sampling interval T is
included in (14), the parameter ¢ which characterizes the
lag is not. This is because the control law (13) accounts
explicitly for e at the denominator. Thus a smaller value of
€ in (3) corresponding to a longer lag amplifies the term
in parenthesis in (13) and results in a larger control action.
Neglecting the effect of control-related lag and assuming a
sufficiently small sampling interval results in the continuous-
time controller [1], which for the planar case is

K,
K,
where K,,, K,,,, K, are tuning parameters, and K, indicates

damping assignment. The terms k& and ¢ are computed with
(5), thus also (22) requires full state feedback.

6+,

i
u=y=—0+K,(0"~0)- 22)

IV. RESULTS OF SIMULATIONS AND EXPERIMENTS
A. Simulation results

Simulations have been conducted in MATLAB using an
ODE23 solver and the initial conditions (g¢,p,y,k,d) =
(0,0,0,1.5,0). A sample-and-hold with sampling interval
T = 0.05 seconds has been applied to the control input
in order to simulate the effect of a digital controller. The
model parameters are n = 3,Dy = 0.2,k = 4, hy = 1 and
the inertia matrix M is defined as in [13] with the parameters
[ = 0.085,m = 0.01. A constant disturbance § = 1 has also
been included to account for the fact that the prototype does
not bend until the pressure reaches a given threshold. The



tuning parameters for the control law (13) have been set

as k, = Lk, = 2,k; = 10,a = 5,5k = 0.001, Ly =

0.001, which ensure that ® > 0 in (14) and verify the
inequalities (15). The values of k,, ky,, k;, o and their effect
on performance are similar to our previous work [8]. Three
different values of € have been considered for illustrative
purposes, that is € = 1,¢ = 2,¢ = 5 which correspond to a
time constant of 7 = 1,7 = 0.5,7 = 0.18 respectively for

a continuous-time first-order system. The tuning parameters

for controller (22) have been set to K, = 1, K,,, = 2 for

consistency, and K, = 0.4 to obtain a similar response
to controller (13) with € = 5. The observer (5) has been
employed in both cases to compute k£ and § with a = 5.
Figure 2 shows that the regulation goal § = 6* is correctly
achieved by controller (13) with a similar transient in all
conditions, requiring a larger control input for smaller values
of e¢. The baseline controller (22) shows a less consistent re-
sponse since it does not directly account for lag. In particular,
selecting a suitable K, for e = 5 yields a slower convergence
in case of smaller € (i.e., larger lag). While it is certainly
possible to modify the tuning parameters of controller (22)
for each operating condition, there is no explicit relationship
between the values of K, K,,, K, and e. Consequently,
finding suitable tuning parameters for (22) involves trial and
error, which is a disadvantage in engineering practice.

05 25
= —
8 o4 - P2 O €e=2
H 2 e=1
5% 215
S 5
go2 2 1t
- e=5 S 3
o i,
gort] [ =2 o5l
e=1
o= 0
24 6 8 10 2 4 6 8 10
time [s] time [s]
(2) (b)
05 2.5
) e=5
B 20 e €=
< a3 e=1
5 £15
S =
g £ ]
e
o e=5 8
Sotff [ €= 05
e=1
0
4 6 8 10 2 4 6 8 10
time {s] time [s]
© @

Fig. 2. Simulation results for system (2-3) comparing controller (13) with
controller (22) for different parameters e: (a) tip rotation 6 with (13); (b)
control input u with (13); (c) € with (22); (d) v with (22).

B. Experimental results

The controllers (13) and (22) have been compared by
performing experiments on a soft continuum manipulator
prototype that measures 12 mm in diameter, 85 mm in
length, and that has an approximate mass m 10 grams
(see Figure 1). The position ¢ and the velocity ¢ have been
computed from an FBG sensor located in the central working

571

I

w

Tip rotation 6 [rad]
nN

Control input [bar]

10
time [s]

(a)

time [s]

(®)

Stiffness estimate k [bar/rad]

Disturbance estimate 6 [bar]

5 10

time [s] time [s]
(©) (d)
0.8 4
— control (13) _
E 06 ontrol (22) g s
S04 o g
s 5 52
2 =
o 0.2 S
= o,
0
0 5 10 15 0 5 10 15
time [s] time [s]
O] ()
0.8
- control (13)
E 0.6 -+ control (22)
S04
i)
e
202
=
0
0
time [s] time [s]
® (h)
Fig. 3. Experimental results for system (2-3) comparing controller (13)

with controller (22): (a) tip rotation ¢ with a = 2 and 0* = 7r/ 8; (b)
control input u; (c) disturbance estimate §; (d) stiffness estimate k; (e) 6
with & = 5 and 6* = 7/8; (f) control input u; (g) 6 with o = 2 and
0* = w/10; (h) control input w.

channel of the manipulator. We have employed an FBG-
inscribed multi-core fiber with n = 3 FBG sets, each Smm
long, corresponding to the virtual joints of the rigid-link
model. The angles of the virtual joints have been computed
with a piecewise constant curvature reconstruction method
(see [6] for details). A Matlab script has been employed to
acquire data from the FBG interrogator (FBGS International
NV, Geel, Belgium) and to provide the control signal to a
digital pressure regulator (Tecno Basic, Hoerbiger, Germany)
that supplies one chamber of the manipulator along the
whole length. The script communicates with the pressure



regulator through a microcontroller (mbed NXP LPC1768,
NXP Semiconductors) via serial link (baud rate 921600).
The sampling frequency of the FBG interrogator is 20 Hz
(corresponding to 17" = 0.05 seconds in the simulations),
and the same values of the model parameters and of the
tuning parameters have been used as in the simulations. The
bending stiffness of the prototype is uncertain, thus we have
iAnitialized the observer states in (5) as £ = 4 bar/rad and
6 = 0 bar. The control-related lag is described by ¢ = 5,
corresponding to a time constant 7 = (.18, which accounts
for signal processing of the FBG measurements and for the
response of the digital pressure regulator.

Figure 3a, 3b, 3c and 3d show that both controllers Jield
sAimilar transients, control input, and adaptive estimates k and
0 with equal tuning parameters (i.e., o« = 2,k, = K, = 1)
and 0* = /8. Instead, Figure 3e shows that employing o =
5 yields a faster response with controller (13) (i.e., settling
time = 7 seconds) but results in oscillations with controller
(22) even though the same tuning is used in both cases.
Similarly, Figure 3g shows that employing the same tuning
parameters as Figure 3a (ie., o = 2,k, = K, = 1) but a
different set-point (i.e., 8* = 7/10), controller (13) preserves
a similar transient (i.e., settling time ~ 12 seconds), while
controller (22) gives an oscillatory response. In summary,
controller (13) yields a more consistent performance across
different operating conditions since it explicitly accounts for
the control-related lag. The slower response of the controllers
in the experiments compared to the simulations is due to
the higher damping and higher pressure threshold of the
prototype (i.e., 6 > 1 bar in Figure 3c). A video of the
experiments has been provided as a supplementary file.

V. CONCLUSION

In this work we have investigated the model based
discrete-time position control of a soft continuum manip-
ulator with proprioceptive FBG sensing. A new control al-
gorithm has been constructed with energy-shaping principles
by employing a discrete-time implementation. The stability
analysis and the resulting tuning guidelines indicate that a
less aggressive tuning is required in case of slower sam-
pling or smaller physical damping. The simulations results
indicate that the proposed controller achieves the prescribed
regulation goal in the presence of control-related lag while
preserving a consistent transient. In comparison, a baseline
continuous-time controller yields a less consistent perfor-
mance and would require changing the tuning parameters
in different operating conditions. The experimental results
clearly confirm this point. Future work will aim to extend
the proposed approach to regulation in Cartesian space.
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