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Feed-forward Balancing Control
for a Robot Waiter Performing Fast Motions

Luigi Biagiotti, Davide Chiaravalli, Lorenzo Moriello Clalio Melchiorri

Abstract

In this paper, the problem of suppressing sloshing dynamitiguid handling robotic systems has been faced by desggni
a dynamic filter that starting from the desired motion of tiguid container calculates the complete position/origoita
trajectory for the robot end-effector. Specifically, a desphilosophy mixing a filtering technique that suppreskesfitequency
contributions of the reference motion that may cause ligugdillations and an active compensation of lateral acagters by
a proper container re-orientation has been adopted. Iipt& the latter contribution requires the knowledge ofederation
of the reference trajectory, but because of the use of andrmcnsmoother that performs a shaping of the original motion
it is possible to obtain the value of the acceleration inimat In this way, the proposed methods can be applied also to
reference motions that are not known in advance, e.g. comsndinectly provided by a human operator. This possibili&g h
been demonstrated by means of a number of experimentalinestsich the user teleoperates the robot carrying the coetai
with the liquid by simply moving the hand in the free space 8h@D position is detected by a motion capture system.

I. INTRODUCTION

The use of robotic systems in new tasks, traditionally etextuby human operators or by means of process control
systems, may involve the manipulation of liquid materidlsese operations can be particularly critical becauseefitfuid
slosh induced by the container motion, which can determieedpilling of the liquid itself. For instance, the need of
moving, manipulating, pouring liquid ingredients in thedtbprocessing industry motivates our previous work [1], imck
the desired trajectories are filtered with a so-called erptial smoother in order to suppress the oscillations oflithed
that are seen as vibrations in a resonant mechanical systitenwards, the algorithm has been improved by combining
the trajectory filtering action with a compensation of theetal acceleration by properly controlling the 3D orieitatof
the vessel [2]. The proposed approach is a typical exampieeaf-forward control providing the proper reference tajey
for the robot/machine on the basis of the model of the slogtadycs. With respect to feedback methods that rely on a
measure of the liquid surface configuration, feed-forwdgbi@thms offer some advantages since they do not require an
additional sensor apparatus (that in case of detection eflitfuid configuration may be quite complicated) and can be
easily implemented in standard industrial robots/madiméthout modifications of their control systems. For thesason
the techniques based on feed-forward are the most commatiosd in the field of liquid manipulation. For instance, in
[3] and [4] the of slosh dynamics is compensated via tilt anglodification. Input shaping techniques are widely used
in conjunction with smooth trajectory planning and othends of filtering/smoothing methods, see [5], [6], [7], [8B] [
among many others. Alternative feed-forward methods asedan the optimization of the reference trajectories agpid
the liquid container, computed by taking into account theaiyic model of the system and a number of constraints, like
maximum velocity, acceleration, etc. [10], [11], [12].

The main drawback of all these methods is obviously the poloustness of the system with respect to unmodelled dynamics
(in this specific case higher order sloshing modes) and imate knowledge of the physical parameters. For this reason
some authors combine the feed-forward control with a feeklltmmpensation, e.g. based éh, loop shaping methods
[5], [13], or mix different feed-forward algorithms like fut shaping and smoothing filters [9], or smoothers anchgjlti
compensation, like in our previous paper [2].

In this paper, an approach that follows the same general adid¢d], i.e. the combination of a filtering action on the
reference motion and a compensation of the lateral acteleriay means of a proper orientation of the liquid contajheis
been developed. The novelty of this method lies in the faat the proposed feed-forward controller does not requise an
knowledge of the reference motion but can be used indepéydesm the specific input or the particular robot. In fact, a
plug-in component has been implemented that can be usedy/imhantic application involving the manipulation of liqud
by simply inserting it between the motion planner and theotaiontroller. In order to demonstrate the effectivenesthef
proposed methods a simple teleoperation task has beergadathe user directly commands the robot by moving the hand
in the free space whose 3D position is detected by a motiotuagystem, and the robot, carrying a pot filled with water,
tracks the motion generated by the devised algorithm.
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Fig. 1. Equivalent mechanical model approximating theitigdynamics in a cylindrical vessel.

Fig. 2. Simplified mechanical model approximating the firsgrametric sloshing mode in a cylindrical vessel.

II. A SIMPLIFIED APPROACH TO SLOSHFREE MOTION

In order to explain the proposed control approach, a siregliicenario, in which the container is moved on a plane and
rotated about an axis orthogonal to this plane, is initiathysidered.
The dynamics of the liquid in the moving vessel is modellethvain equivalent mechanical model consisting of a rigid mass
mo and a series of pendulums with mass, lengthl;, and support point located at a distante from the undisturbed
free surface of the liquid, see Fig. 1. For control purposies,model is further simplified by considering only the first
asymmetric mode of the slosh, that is a single pendulum waksm, length! and pivot located at the centre of the liquid
surface. Moreover, it is assumed that the pendulum is alway®gonal to the liquid surface which is supposed to be flat.
Therefore, the model of the sloshing dynamics inside a @coetanoving on the plane can be represented as in Fig. 2. The
position of the (reference frame attached to the) contdmer

xpr =% + dy cos(B) — d. sin(B)
2y =2t + dy sin(B) + d., cos(B)
while the position of the mass of the pendulum is given by

X =t + dy cos(8) — hsin(B) + Isin(SB + 6)
Zm =2t + dg sin(8) + hcos(B) — lcos(5 + 6)



where the paiz,, y;) denotes the position of the tray, is the displacement of the container on the tray surfécs, the
tilting angle imposed to the tray, and therefore to the doetawith respect to the base reference frame @u@notes the
rotation angle of the pendulum.

The equation of the motion of the pendulum can be derived liyguhe Lagrange equations. The kinetic energy of the
liquid, modelled with a masd/ which remain fixed with respect to the container and the ladicip massn, is given by

1 1
T :5M(;b‘j’w +23) + §m(¢3n +22)
1

=5 M ((—(dm sin(8) + d. cos(8))8 + cos(8)dy + ¢t)2 n ((dw cos(B) — d, sin(B))S + sin(b(t))dy + zt)2>

+ %m ((— (dy sin(B) + hcos(B)) B +1 (B + 9) cos(B + 0) + cos(8)d, + :bt)Q +

. . . 2
+ ((da cos(8) = hsin(8)) B +1 (B +0) sin(8 +0) +sin(B)d, + 2 ) )
while its potential energy is equal to
V=Mgzy+mgzm=Mg(z+dysin(f) + d, cos(B)) + mg (z + dy sin(B) + hcos(f) — lcos(B + 0))
whereg is the gravity acceleration. The Lagrangian can be compageti=7"— V. By considering the Lagrange equation
with respect tdd, the differential equation
bie - N . .
26+ (I — heos(8) + d, sin(6)) § + cos(9) (—dmﬂz + dz)

+sin(0) (28d, — h3?) +sin(8 +0) (g + Z) + cos(8 + ) & = 0 @)

16 +

describing the dynamics of the pendulum is obtained. Thaghtive termfj—;lfé takes into account the damping force between
the liquid and the container. Note that (2) is exactly the esaqguation found in [3], but the control solution that will be
deduced to maintaif to zero is rather different from the one proposed here. Thgrdrege equation with respect th.
provides the equation describing the dynamics of the coetain the tray, i.e.

(m+ M) (sin(ﬁ) (g + Zt) + cos(B)d+ + dm) + (Lcos(0) — h)ympB +mlcos(0)0 — d, MJj3
“Lmsin(6) (B + 9’)2 — (m+ M)dyf? + budy =0 3)

In cased, = d, = d, = 0. the equation (2) is identical to the equation describirg pendulum dynamics when the
container is directly connected to the robot flange, &hd) = (0, 0) is a stable equilibrium point for any value of the
disturbance inputs; # 0, z; # 0 if the control inputs is computed as

£ = — arctan (g it5t> . (4)

Unfortunately, when the overall dynamics of the system issaered it is straightforward to verify thatim,d'm,e,é) =
(0,0,0,0) is not and equilibrium state for (2)-(3) as soonag 0 or 3 # 0. However, practical experience suggests that the
container can remain fixed in the initial location for moderangular velocities/accelerations. The reason of thimaich
between practice and theory is due to lack in the lagrangjaiatéon (3) of a term taking into account dry friction. Forsth
reason, it is convenient to consider the dynamics of theaioat on the tray as a differential inclusion, i.e.

(m+ M) (sin(ﬁ) (g + Zt) + cos(B)d+ + dm) + (Lcos(0) — h)ympB +mlcos(0)0 — d, MJj3

. N 2 . . .
“Imsin(0) ([3 + 9) — (m + M)dyf? + berdy € —F, sign(d,) ()
where
-1 z <0,
sign(z) =4¢ [-11] z=0, (6)
1 x>0,

and I is the maximum magnitude of the static friction, that defead the friction coefficient: and on the normal force
to the surface, i.e.



Fy = [(M +m) (cos(8) (g + %) — sin(B)it) + M (def — d. )]

s 0) (4 0) 1)+ (@) os(a0) (26 0) + o+ M) () + 26X 0) - costh0) 0+ + 82 ()
= b’(t)Q(dZ(t)(m + M) +m(h —lcos(q(t)))) + (m + M) Sin(b(tz)sfn(t)

see bifurcation of equilibrium sets in mechanical systerith dry friction o
It is initially assumed that the container cannot be arllyraotated, and accordinglyg = 5 = 5 = 0. In this way, the
motion equation becomes

16 + il@ + cos(0)i. +sin(0) (g + 2.) =0 9)
m

whereZ,. and z. are the external inputs. The equilibrium point of (9) for gea values of the inputs is

f# = — arctan ( xc“ ) . (10)
g+ zc

and it is stable for-7/2 < 6 < /2. In this case, the translational motions of the containedpce a pendulum swing that
depends on the accelerations and tends to the value (10)n8srizing (9) ford = 6 = 0 and#. = Z. = 0 the model

. b -
0+ —0+g0 =—2, (11)
ml
can be deduced. This model is equivalent to the general demaler equation
é—l—?&uné—i—wgé’ =u (12)
where the parametets, andd depend on the characteristics of liquid and container, badrtputu is proportional to the
accelerations along the axis. As usual for a pendulum
w2 = % (13)

n

As mentioned in the introduction, the model (12) suggests$ ¢hsimple and effective way to reduce the pendulum swing
0 caused by the input consists in shaping such an input by means of a proper filkegrding to a typical approach for
residual vibration suppression in mechanical systems.

If now the rotationg is considered, by assuming the initial conditién= 6, = 0 in the motion equation (2) the term
hsin(@)B2 becomes negligible. Moreover if = [ (that is the center of rotation of the container is locatedhat rest
position of the pendulumil — h cos(f))5 ~ 0, and the equation (2) becomes

16 + %9 = —cos(B)ic — sin(B) (g + %) (14)

By acting onp, it is possible to enforcéd = § = 0, and thereforé = 0, imposing that the second member of (14) is
zero. To this purpose, the anglke must be chosen as Therefore, it is possible to conclude thaffactive strategy to
avoid sloshing consists in rotating the liquid containeanfangle that equals the equilibrium angle of the virtualdodum
without compensation (compare equations (4) and (17)fetiftly from [3] and [2], in which the center of rotation dfet
container coincides with pendulum pivot, it is convenientdcate it in the rest position of the pendulum mass. In thay w
the angular acceleratiof does not influence the pendulum dynamics.

IIl. 3D SLOSHING SUPPRESSION

The generalization to the 3D case of the control approaclise@vin previous section immediately descends from the
considerations related to the planar case. Initially, #ference position trajectopy(t) = [z(t), y(t), 2(¢)]T must be filtered
in order to suppress the residual vibration due to sloshindercharacterized by, w,,). In particular, the so calledamped
harmonic smoother is adopted [14], i.e. a dynamic filter whose analytical expi@n can be expressed in the Laplace domain
as
o? + (%)2 14+e5TeT
1+ ea’T _ 5 (1)2 :
(s—0)+ T
wheres andT" are constant parameters that can be freely chosen. Inydartias shown in Fig. 3[" represents the duration
of the impulse response of the filter and therefore the amiditi delay produced by the smoother on the filtered signal
with respect to its original duration. The smoother is chmazed by the pole-zero map of Fig. 4. The cancellatiorhef t

H(s) = (15)
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Fig. 3. Impulse response of the damped sinusoidal fitfés) for different values of.

oscillating dynamics described by (12) can be obtained kyragg

3 27
o own, T PV -k (16)
Concerning the problem of vibration suppression the snegoliehaves like an input shaper, but with respect to a basic
Zero Mibration (ZV) input shaper it causes a delay of triple value. Howeseme features of the harmonic smoother make
it the ideal filter for this application:

o The smoother, composed by a two-impulse input shaper ancbad®rder low-pass filter, besides reducing the vibration
caused by the filtered signal, increases its level of smasthof two. In this manner, the output of the filter is at least
of classC?, i.e. with continuous acceleration, provided that the trgignal is continuous.

o The structure of the filter expressed in the controllableoc@ral form, reported in Fig. 5, allows to obtain not only the
filtered output but also its first and second derivatives.

« Because of the low-pass characteristics of its frequergpyorese, shown in Fig. 6, the smoother permits the suppressio
of higher sloshing modes. Note thd (jw)| is proportional to the PRV (Percent Residual Vibration)ioed by filtered
signal when the resonant plant is completely undamped ane@sonant frequency is affected by an estimation errors,
see [14] for more details. As a consequentljw)| provides a measure of the robustness of the filter, and, in the
case reported in Fig. 6, it clearly shows that the sloshinglesocharacterized by natural frequencigs> 37 are
effectively reduced even ib,, is not exactly equal t¢ 7.

The filtered trajectoryi(t) = [#(t), §(t), 2(t)]T is used for constructing the orientation trajectory of tbbat manipulator
with the purpose of aligning the container with the (equilim) angular position of the virtual pendulum caused by the
acceleratior;ii(t). As shown in Fig. 7, the spherical pendulum configuratiorscdbing the sloshing phenomenon in the
3D space, can be fully described by means of the an@es). In [2] the dependance of these angles from the linear
acceleration imposed to the vessel has been analyticallycgel, i.e.

0 =tan~ =
g+z

© = 7+ atan2 (7, &) (18)

whereatan?2 is the four quadrant inverse tangent. The robot manipulaiast rotate the vessel about the point where the
massm is located at rest in order to impose the orientation giverithyp). Therefore, two consecutive rotatioRt . ()
andRot, (—#) must be applied. Moreover, since the first rotation about:th&is would cause an undesired vessel rotation
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of an angley about its symmetry axis, it is necessary to add the conversgion about the: axis after theRot, (—6).
Finally, the desired configuration of the vessel is

R(0,¢) = Rot,(¢) Rot, (—0) Rot,(—¢). (19)

It is worth to noticing that the termot. (—¢) offers an additional advantage whén= i = 0. In this case, the anglg in
(18) is not well defined; however, sinéde= 0, R(6, ¢) = Rot.(p) Rot.(—¢) = I3, beingI; the 3—by—3 identity matrix.

By considering the expressions 6fand ¢ that appear in (17) and (18) and are used to define the instdne wf the
rotation matrixR(f, ¢) defining the orientation of the vessel, the benefits of thenbaic smoother, that guarantees the
continuity of the accelerations for any kind of input (suped continuous) and allows their computation online, arées\.
The complete structure of the proposed feed-forward ctetréor robust sloshing compensation with unknown refeeen
signal is illustrated in Fig. 8. The filtered trajectofy(t) and the rotation matribxR.(6(t), ¢(t)) are organized in the
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Fig. 6. Magnitude of the frequency response of the dampasssidal filter H(s) with o = —0.0431 andT' = 0.7211s.

Fig. 7. Spherical pendulum modelling the sloshing dynanmica liquid-filled vessel that moves along a 3D trajectory.

homogeneous transformation matrix

0 0 O 1

that provides the desired configuration of the referenamdrattached to container with respect to the world referé&acee.

In order to take into account the relative pose of the coetainith respect to the robot flanggg'®sSt) is multiplied by

the constant matrigha% j.e.

Tg1ass(t) _ [ R(0(t),0(t)) D(t) ]

TR9(t) = TIYt) - Thenss

Finally, the instant configuration of the robot fIan@%a”ge(t) is processed using the inverse kinematics to derive the join
trajectoriesqy;. ¢ (t) that the robot manipulator must track.
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Fig. 8. Feed-forward controller for sloshing compensatiased on the harmonic smoother.

IV. EXPERIMENTAL TESTS

The method discussed in the previous two sections has beswdtey means of the experimental setup shown in 9.
The system has been designed according to a simple masterisleoperation architecture, in which the human operato
directly commands the position of the robot, carrying thatamer with the liquid, by moving an hand in the 3D space. As
a consequence, the use of the proposed feed-forward filtgleiments a sort of shared control because the user does not
take care of the sloshing while the control system providesrapensation of this phenomenon.

From the hardware point of view, on the master side the reéerdrajectory produced by the motion of the operator
hand is tracked by a Vicon Motion capture system (Vicon, @xfaJK). The Vicon cameras (Bonita 10), operating at their
maximum framerate (250 fps) with a 2 ms latency, are condeiteéhe main workstation running the Robotic Operating
System (ROS) Kinetic distribution on Ubuntu 16.04. The aelitrajectory is filtered and then sent to the slave sideravhe
a steel pot (of radiu97.5 mm), filled with 3 liters of water, has been connected to the flange of a ComautSi8ix
anthropomorphic robot. A pc running the RTAI-Linux 3.9 optémg system on a Ubuntu NATTY distribution with Linux
kernel 2.6.38.8. allows the communication between the mairkstation and the robot controller thanks to a ROS wrapper
defined using the “C4G OPEN” software functionality of then@w controller.

In order to monitor the liquid surface during the tests an ASKtion PRO Live RGB-D camera has been mounted on a
specifically-designed support above the container. A blgment has been added to the water to make the detectiom.easie
A second RGB-D camera has been installed on the top of thepmlandr third joint in order to provide a visual feedback
of the robot movements to the user.

Note that the motions of the human operator are used as nefeteajectories without any kind of modification or scaling
operation. The only limitation imposed to the task concehesrobot workspace, that, for safety reasons, has beaictedt

to a box of0.6 x 1 x 0.8 meters (alonge, y and z directions, respectively) centered around the initialijpms.

A. Test results

The proposed feed-forward methods relies on the correghabn of some parameters of the system. In particular,
the harmonic smoother requires the knowledge of the nafteguency and damping ratio related to the sloshing to be
inserted in (16). These values have been experimentallyadeblin [2] and are equal to,, = 13.076 rad/s,0 = 0.005. The
orientation compensation is only based on the knowledgeamistational accelerations with the center of rotatiorated
along the symmetry axis of the cylindrical container at dagisel from the liquid surface, beingthe length of the virtual
pendulum modelling the sloshing. From (13) the value 0.0574 m is deduced.



In order to evaluate the benefits that the proposed metha®dban smoothing action and orientation compensation,
produces with respect to the straightforward tracking efréference trajectory without any form of feed-forward tcohor
with the sole orientation compensation, a preliminary tashpaign has been conducted. In these experiments, soige bas
motions performed by the human operator have been recohéicis manner the same trajectory has been used to test the
behavior at the slave side under different conditions.
In Fig. 11 the geometric path of the first standard motion gorted: it is a simple linear movement along theaxis
performed by the user several times. The correspondingomgtiofiles as a function of time are shown in Fig. 11. The
black (dashed) lines are related to the original motion evltile red (solid) lines represent the trajectory filtered gy t
harmonic smoother. Note that this notation is used througtios section. Because of their significance for the apfib,
beside the position profiles also the acceleration profilesllastrated. The accelerations, in the unfiltered casephtained
via numerical differentiation. This procedure amplifieg thoise due to the measurement process and to the tremors and
small movements that unavoidably affect the human usereaslto very high peak values. On the other hand, the filtered
trajectory is characterized by very smooth profiles of pasitand acceleration but with respect to the original motion
introduces a delay, that with the above values of the slgsparameters, i§" = 0.6895 s.
The effect of the proposed technique on the sloshing dyraarie illustrated in Fig. 12, showing the tilting anglef the
liquid surface obtained in different conditions when theehr trajectory in Fig. 11 is considered. It is worth to niotic
that the measure of the anglds obtained from the images acquired with the RGB-D camerapproximating the liquid
surface with a plane and then computing the inclination @rmyl a coordinate transformation. For more details on this
procedure see [2]. In Fig. 12(a) it is illustrated the slaghbehavior when the acquired trajectory of Fig. 11(a) iectly
provided to the robot without any compensation. Despitenttetion profile in Fig. 11(a) appears to be quite smooth, its
application to the liquid container triggers a huge sloghdynamics that causes the spilling of the liquid.
The behavior seems to be better in Fig. 12(b), where thetsesahsequent to the application of same trajectory with the
compensation of the orientation are shown. Indeed, a dinsgtection of the liquid motion reveals that in this case the
sloshing level is not reduced. As a matter of fact, a sort @fotic behavior starts on the liquid surface probably caused
by the noisy acceleration profiles (see Fig. 11(b)) thattexiaigh order sloshing modes via the angular compensation. |
this case, the hypothesis of planar surface of the liquidotsvalid and, accordingly, the measurementipbased on the
planar interpolation of the point provided by the RGB-D camédails. However, in the accompanying video, it is possibl
to appreciate the real sloshing dynamics.
When finally the harmonic smoother (together with the oaéoh compensation) is inserted between the original dtajg
and the robot, the range of variation of the sloshing afgke drastically reduced, as shown in Fig. 12(c), both durlmg t
trajectory and at the end of the motion. The price for mamtae angled below 2.5 degrees is the delay and a slight
deformation of the geometric path.
Similar results are obtained when the user performs motiontghe horizontal plane — y, see Fig. 13, or in the vertical
planey — z, see Fig. 14. In these cases, it is possible to better appeettie deformation of the geometric path due to the
filter, which is rather limited.
Further experiments have been performed online. In thie tias user provides casual and very long motion trajectéoies
the robot. For the sake of clarity, the results are not regbiere since the resulting paths are very confused and difikepr
of the sloshing angl® not very meaningful. The interested reader can find one dettexperiments in the accompanying
video. The motion, with an approximate duration of one ménamd reaching a maximum acceleration higher than 2,m/s
causes a sloshing angles that does not exsegegrees, proving the effectiveness of the proposed approac
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V. CONCLUSIONS

In this paper, the feed-forward method proposed in [2] fasking suppression in robotic applications and based on
a filtering action combined with a tilting compensation altfon that counteracts the robot lateral accelerationshiesn
enhanced by eliminating the hypothesisaopriori knowledge of the reference trajectory. In this way, the atgm has
became independent from the particular trajectory geogerttat in the paper is a human operator.

The key point of the proposed solution is the so-called haimemoother, that not only shapes the input trajectory so
that the sloshing at the end of motion is strongly mitigatad, also provides the acceleration of the filtered signalictvh
permits to compensate this phenomenon during the whole mene

The extensive experimental activity demonstrates thectfEness of the proposed method, that can be profitably insed
all the manipulation tasks of liquids involving robots altddecontrol position and orientation of the vessel.
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