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Control of Liquid Handling Robotic Systems:
a Feed-Forward Approach to Suppress Sloshing

Lorenzo Moriello, Luigi Biagiotti, Claudio Melchiorri, Adrea Paoli

Abstract— This paper presents a feed-forward approach to fluid dynamics that arise within the vessel. In engineering
reduce sloshing dynamics in liquid handling robotic systers.  |iterature many approaches are proposed to mathematically

According to our solution, the dynamics of a liquid into an ; ;
open vessel manipulated by a robot can be described by means describe these dynamics (see [4] and [5]).

of a spherical pendulum mechanical model. By doing this, the ~ With respect to the industrial automation sector, many
sloshing problem can be addressed as a vibration suppressio solutions have been proposed to achieve fast motion (typ-
problem for a second order system. More in details, the jcally in conveyors or within automatic machineries) while
pendulum model is Utl“zed to tune an exponential fllter Whld.’\ av0|d Sloshlng ﬂOWS A” these methodologles rely on the
shapes the reference trajectory for the robot, thus achievig a  qqmption of a simplified linear model of the sloshing
sloshing-free motion of the liquid inside the vessel. ) . .

dynamics. In [6], [9] the sloshing flow is treated as a model-

. INTRODUCTION based disturbance suppression problem that can be solved by

The currentindustrial scenario is becoming more and mof8&ans of proper feedback control strategies, while in B], [
competitive and, as a consequence, modern manufacturitggd-forward methods (i.e., generating a proper referemee
is always more strict with regard to performances anifCtory for the machine) are proposed. Note that feed-foiwa
dependability. In this respect, industrial automationlayjng ~ @PProaches may be preferable in industrial applications
a key role as a powerful means to optimize manufactug"ce fggdback-based §0Iut|ons require the |mplement.at|o
ing processes and maximize their efficiency and erxibiIit)Pf specific control architectures, which cannot be rgah;ed
of production lines. For this reason, industrial robotiss i°N Standard robots. In fact, factory controllers equipping
pervading many diverse industrial fields to overcome the°mmercial manipulators are generally unaccessible to the
severe and unacceptable limitations that are due to the U4€7> and the only way to interact with them is providing a
of rigid automation systems. A particularly interestingdan Proper reference input.
promising case is the use of industrial robots in the food IN this paper a feed-forward approach to reduce sloshing
processing industry to increase flexibility, performanaed ~ dynamics in liquid handling robotic systems is presented
system dependability. In this framework, not only robots arand experimentally tested. Specifically, sloshing flows are
utilized to perform standard heavy-duty tasks, but also t@1odeled as a spherical pendulum model depending on the
accomplish tasks which are traditionally executed by humatfssel geometry and the property of the liquid (see Sec. I).
operators or by means of process control systems (see [1H5|_ Sec. Il the problem is then addressed as a vibration

The innovative use of industrial robots in non-traditionafUPPression problem and the reference trajectory for the
industrial sectors has drawn the attention of scientists afoPot is generated utilizing a properly designed expoaénti
technologists to novel challenging manipulation taskshas t filter [10]. The filter is finally implemented as a discrete
liquid handling one. In this regard, manipulating and trans™IR filter whose performances and robustness properties are
porting liquids is the order of the day in the food industrglan Presented and discussed. To conclude, Sec. IV presents a
the use of robots to solve this problem is acquiring an evefange of experimental results that prove the validity and
increasing importance in the sector. Similarly, many othegffectiveness of the method.
industrial sectors could benefit from an effective solution

to this problem. Among others it worths mention the steel Il. MODELLING THE SLOSHING EFFECT
industry and the problem of handling melted metal by means ) _ L )
of industrial robots (see [2]and [3]). Modelling the dynamics of a fluid inside a moving con-

Generally speaking, the problem of using robots to maniﬁ‘:ﬂner can be very sophistilcated. A rigorous mqthematical
ulate a vessel filled with liquid is an extremely complex and°delling of slosh dynamics employs the Navier-Stokes

challenging task. Indeed, this is due to the complex noatine €uations, a set of nonlinear, partial differential ecrasi
which take into account many characteristic parameters of
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(@) (b) Fig. 2. Response of a lightly damped vibratory systéis) to a reference

) ) ) step signal,.. s (t) (&), compared to the response caused by the step filtered
Fig. 1. Linear pendulum based model (a) and spherical pendiiased by Feup(s) (D).

model (b) of liquid sloshing.

that the control loop should instantly react to the high spee

is described by the mass,, while the latter is the superpo- dynamics of the fluid and this would require an extrem_ely
sition of j different sloshing modes described by means dfSt and accurate set of sensors and a complex non-linear

a series of simple pendulums, linearized about the verticgpntroller. Conversely, a feed-forward control archieet
position [4]. allows to achieve good results utilizing a simpler control

Note that it is common practice for sloshing control purpose @nd technological architecture. o
to take into account only the first asymmetric mode (lowest COnsidering the mechanical pendulum model derived in
frequency), i.e. the motion of the free-surface is describe>€C: ! @nd its linearization around the equilibrium point
by means of a single pendulum. In this case the "qui&orrespondlng to a non-sloshing stat(_e, _sloshmg flows can be
surface can be considered as a planar surface which is alw&fScribed by means of the characteristic transfer funaifon
orthogonal to the pendulum itself as in Fig. 1(b). a linear second order system

Mechanical parameters of the pendulum can be directly w?

obtained fr(_)m the I_|near|zat|on of Nawer-St_okes equation G(s) = m @)

and the typical relation,,; = /¢/l1, wherel; is the length
of the pendulum.

In case of a fluid in an upright cylindrical container, the°f the system. _ _
natural frequency of thgth sloshing mode results As a consequence, the problem of reducing the sloshing
effect can be approached as a typical vibration suppression

g&; hé&; problem. In literature many ad hoc solutions are proposed
Wnj = \/7 tanh (f)’ @) to face this problem, since simple workarounds such as
jerk limitation or acceleration smoothing doesn’t guaesnt
. 7 ; ) X = vibration suppression, especially for damped vibratidns.
is the liquid height, and; is thej-th root of the derivative ) 4,thors present a simple and effective method to reduce
of Be;gel function Of, the f'rSt, k_|nd. , . the oscillation of a vibratory servo system applying a prope
In add_|t|on, the damping coefficied of the generic SIOSh"_"g feed-forward control action able to properly filter the give
mode;j can be deduced from the logarithmic decay ratio 0Feference signal. Considering a dynamic system with oscil-

the slosh due to the energy dissipation on the free surface, f&ting behaviour described by (3) fed by a step input, the
the sidewalls and on the tank bottom. However, when Onlkfroposed exponential filter

the first sloshing mode is considered, the damping ratio Is
usually defined by means of an empirical relationship which ¢}

beingd the damping coefficient and, the natural frequency

whereg is the gravity constantk is the cylinder radiush

1— eaTe e—Tes

takes into account the kinematic viscosityf the fluid and Feap(s) = exTe — 1 s—a @)
the vessel parametersandR (see [5]) guarantees the complete residual vibration suppression if
2.89 v 0.318 1-+2 2
5 = =27 R 2 - Swy, To=— 5
! T\l /R3¢ sinh(1841) cosh(L81) @ “ “ wp V1 — 62 ®)

When a three dimensional motion of the container is taker] N€ result, shown in Fig. 2(b), can be explained by analyzing
into account, the pendulum model can be extended Bye poles and zeros df..,(s) when the conditions (5) are
considering a spherical pendulum as in Fig. 1(b). By doing1et- In this case, the filter has a real polepin= —dw,,
this, it is also possible to describe particular dynamitifezs  While the zeros, obtained from-—e®*« e~ * = 0, arez, =
like rotary sloshing. —dwpEtjnw,vV1—02, n=0,1,..., see Fig. 3. Therefore,
F..p(s) introduces an infinite number of zeros located along
IIl. EXPONENTIAL FILTER FOR SLOSHING SUPPRESSION 3 vertical line in the complex plane. In particular, notettha
Controlling the motion of a vessel filled with liquid while the zeros obtained withh = 1 exactly cancel the poles of
avoiding sloshing can be extremely challenging using a trahe plantG(s), thus allowing a perfect compensation of the
ditional feedback control architecture. The main problem ivibrating dynamics. More in general the proposed method
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COMAU C4G Controller

can be extended to any type of Single Input Single Output
(SISO) Linear Time-Invariant (LTI) system, characterizgd Fig. 4.  Experimental setup based on a Comau Smart5 Six inalust
one or more oscillating modes. Specifically, given a dynami@anipulator.

system modelled as | @ [eyznpyl

GOs) = oy (] v
D(8)(s2 + 20wns + w?) ¥

where N (s) and D(s) are generic polynomiallf(s) being T _r
Hurwitz), it is possible to show that the contribution to the v s
response of the oscillating mode characterizeddby,,) can | kinemates [ RO
be completely nullifiedl, seconds after the application of i }?f Joint Space
the input signal by filtering this latter through a properly e Frame
tuned exponential filteF,,(s). Fig. 5. Set-point generation algorithm for the industriabat.

It is important to stress that the complete vibration sugpre

sion requires the exact knowledge of the system’s parame4G OPEN” that allows the integration of the robot control
eters, which is quite difficult to deduce in many practicalinit with the external personal computer, in order to dgvelo
situation. However, when a parameter mismatch occurs, t@mplex control systems at high hierarchical level. The C4G
cancellation is only partial but, in any case, the residuabpen architecture is based on a real time communication on
vibration is significantly reduced. In particular, it hasebe Ethernet network between the controller and the real time
proved that the method based on exponential filters preseg. In particular the PC runs on the real-time operating
an increased robustness compared to other common feggstem RTAI-Linux on a Ubuntu NATTY distribution with
forward techniques for vibration reduction such as Inputinux kernel 2.6.38.8 and RTAI 3.9 that allows the trajeytor
Shaping and System Dynamic Inversion. generator to run with a sampling peri@g) = 2ms.
Also, it has to be noted that the capability of the presented cylindrical steel pot of diamete?00mm is rigidly attached
method of cancelling residual vibrations does not depensh the robot flange and a stiff structure supports an ASUS
on the particular input considered. As a matter of factXtion PRO Live RGB-D camera able to monitor the liquid
the resulting effect is a filtered trajectory which preservesurface and detect the depth information. The RGB-D camera
the desired steady states (due to the unitary static gain jgf connected to a standard laptop running ROS operating
the exponential filter) and is characterized be and incrkasgystem; this subsystem is dedicated to video acquisitioh an
smoothness (as the filter increases of one the number @f-line elaboration. The vision system is able to acquithb
continuous derivatives of the trajectory). RGB and depth video streams at a frame rat@®fps. In
In the next section this methodology is applied to a robotigl| the experiments tap water is used to fill the container and
liquid handling system and its performances are discussedcrylic blue dye is added to improve detection by the camera.
It has to be noted that the camera is used for inspection and
measurement of the resulting slosh only, without any pugpos
In order to evaluate the proposed method the experiment#l introducing feedback control loops since the presented
setup shown in Fig. 4 has been arranged. The motiapproach is totally feed-forward and model-based.
system is composed of a COMAU Smart5 Six industriaFor the implementation of the trajectory generator the Mat-
robotic arm, a COMAU C4G Controller and a standard PQab/Simulink environment has been used. Since the robot
with an Intel Core 2 Duo 2.4 GHz processor and 1 GB otontroller requires the position set-point within the Join
RAM. The COMAU Smart5 Six is a 6 DOF robot with Space Frame, the online generation algorithm depicted in
anthropomorphic structure and a 6 Kg payload. The robétig. 5 has been implemented, where the exponential filter
is driven by the COMAU C4G Controller that performs bothF.,,(z) is realized by means of a discrete FIR filter, derived
the position/velocity control (adaptive control) and tteemer by Z-transformingF.,,(s) in (4) with a sampling timeZ.
stage management with current control of each joint. ThEilter's parameters are defined accordinglyug; and d;
C4G Controller also implements a software option calledbtained from (1) and (2), using the geometrical features of

IV. EXPERIMENTAL RESULTS
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1 0.032  9.755 9.922 0.0053  0.0089 =
2 0.064 12.205 12.542 0.0037  0.0062 7
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TABLE | =

=

SYSTEM PARAMETERS WITHR = 0.1[m] AND v = 1,004~5[m?/s].

the pot and the characteristics of the water. It has to bednote
that the trajectory must be filtered in the workspace frame, .
since the vibratory system is defined in spatial coordinates T e

gj(t) [mmi/s2]

A. Experimental validation Fig. 6.  Third order trajectory set-point (red dashed liney diltered
] ) ] ) ) trajectory (blue line) for the model validation. The red ablde zones
Firstly, in order to validate the sloshing model, a simpléndicate the time duration of the trajectories, respebtiveithout and with

third order point-to-point motion has been commanded to tH&e exponential filter.
robot carrying litres of water. In Fig. 6 in red is reported the
basic motion profile which is a Double-S velocity trajectory
along they axis of the workspace frame. The blue line
corresponds to the same trajectory filtered by means of the
exponential filterF.,,(z), whose characteristic parameters
are defined according to (5) using the values reported in
Table I, which refers to the model of a cylindrical container
of radiusR = 0.1[m)] filled of water with kinematic viscosity

v = 1,004=%m?/s]. In Fig. 6 are also highlighted the
different time duration of the two trajectories, in part@u Fig. 7. Parameters of the planar surface reconstruction &gnsi of 2D
in blue is visible the delay’, introduced by the filter. interpolation of the depth measurements from the RGB-D came

In order to characterize the effectiveness of the proposed
method, the depth measurement given by the RGB-D camera
is analyzed to derive the motion of the liquid surface.
The off-line algorithm developed using Matlab environment
follows the considerations of the pendulum model in Sec. Il.
Since the liquid free-surface is assumed to be a plane, every
raw depth frame is processed in order to find the interpajatin
plane z = Ah+K, 2+ K,y, which best fits the depth pixels
corresponding to the water surface, assuming as origineof th
measurement frame the center of the free-surface in quiet
condition. In this way any frame describes the instantaseou
position of the surface allowing to analyze the motion of the 0 s
liquid when applying the trajectory. Moreover in order to 5
clearly understand the results, the angles between the pl

and the coordinate axes are reported in degrees in lieu of?ﬁg

Ah(t) [mm]

0,(t) [deg]

0. (t) [deg]

8. Reconstruction of the water surface when applyingira torder
ectory (red dashed line) and a filtered third order ttajey (blue line)

angular coefficients to the robot carrying litres of water. The red and blue zones indicate the
time duration of the motion, respectively without and witte texponential
0, = arctan(K,), 0, = arctan(K,), filter.
as shown in Fig. 7. Fig. 8 is greatly appreciable along the axis on which the

In Fig. 8 the comparison of the water slosh without and witfiobot motion occursé,(¢)). In particular the resulting slosh
the exponential filter is reported. First of all by analyzthg when applying the filtered trajectory is reduced by €&,
response to the non-filtered motion, it is possible to deduaeith respect to the non-filtered third order trajectory. @a t
the experimental sloshing parametess,, 67 by simple other axis §.(t)) instead, the result shows a similar behavior
identification techniques. In particular, the resultindues but in this case the slosh is due to the not exact synchronism
wr, = 12.542[rad/s] anddr = 0.0062 are comparable with between the robot joints when reaching the discrete settpoi
the theoretical parameters in Table I. The same test withdf the desired trajectory, causing a non perfectly re@din
litre of water has also been performed but is not shown heraotion.

for the sake of brevity. However in Table | the experimentalt is worth noting that, by definition, the effect of the slasi
results are reported demonstrating the validity of the rhodesuppression has to be considered after the end of the motion.
The effect of the filtered trajectory on the liquid motion inWhile the robot is moving the liquid into the container canno



remain still due to its inertia. However, it can be noted that

the motion of the surface in the non-filtered case expergnce 1300
a superposition of the inertial effect and the vibratingeff
while using the exponential filter the angular displacement
of the surface with respect to the equilibrium is only due to
the inertia (i.e., to the acceleration applied to the water)
Finally, it is important to note that the proposed algoritfom

the surface reconstruction introduces a tekmwhich is not 900
present in the classical pendulum model. Moreover in papers 4 |
dealing with sloshing control, the translational effecttiog 0
surface plane is usually neglected because the resultisg sl

in experimental activities is often measured by means of one 1000
or more depth sensors, placed on the wall of the containers. T [mm] 1500 g 1000
Conversely, by means of a 3D reconstruction it is possible to Y [mm]

appreciate that the liquid free-surface slightly traresiadue Fig. 9. Geometrical description of the planned spline ttajey used in the
to mass transfer. experimental test (in red) and filtered trajectory (in bludption tracts are
To conclude this section, we can state that experimenﬁaﬂicated with numbers and positions where the motion stwpandicated
results demonstrate that the pendulum model properly g8t leters.

scrllloes the ro;atlonal behavior of the surface, that is thr"iEIter prevents the superposition of sloshing modes and iner
anglesty (t) and s (t). tial modes when the motion restart. Conversely, in the non-

B. Implementation of a complex task filtered experiment (red-dashed line) the total slosh durin

d hi hod und lst , a;Fotion tracts increases due to the persistence of osoitiati
In order to test this method under realistic operationgl, ,ceq by the previous movements.

conditions, a complex task composed of several motionﬁrac’& similar behavior can be seen in Fig. 10(c) where the

alternated with stops has been planned, to simulate a typica, o trajectory has been applied to the robot with the
industrial task in which the robot is demanded to move thg,tainer filled of just 1 litre of water. In this case the

end_—effectOfto se\_/eral points in its workspape. To_thls,a'ﬂm exponential filter has been implemented accordingly to the
cubic B-Spline trajectory is adopted as basic motion prJOf'lemodel parameters considering 1 litre of volume (see Tab.

Splines and B-Splines are de-facto standard tools usecein tﬁ. The result confirms the validity of the model and the
industrial field for planning complex motions interpolafin effectiveness of the proposed method

a set of given via-pointsyy, @ = 0,...,n — 1 at ime |, a44ition, the same experiment has been carried out apply-
instantst;. In part_|cular umform B—sphngs trajectories A€ an accelerated trajectory to the robot carrying 1 litre o
considered, that is B-Splines charactenzeq by an equallzier This means that the geometrical path of the trajgctor
spaceq distribution of the knots (see [11):tis1 — i = g the same as before but in this case the via-points of the B-
T, L= 0,...n—2.1n th_|s case_the online generation Of_SpIine trajectory are interpolated with a knot span duretfio

the trajectory can be easily obtained by means of a chajiiy ceq of the 25%. Thus velocity and acceleration increase
of d|scret_e F.IR f||_ters as _descnbeq in [12] and [1,3]' Theand, as a consequence, the liquid into the container is more
exponential filter is then inserted in cascade configuratiof\ .ited. |n Fig. 10(d) the effect of the sloshing suppresso
with _respect Fo th? B-_Sphne generator, as shown by thaearly visible . In particular, despite the higher accatien
algqnthm depicted n Fig. 5. . ._impressed on the water which causes wider oscillation durin
In Flg. 9 th_e geometrical descrlptl_on of the planned B-Splinihe motion, it can be noted that the filtered trajectory dyeat
tr.a]ectory is _reported alo_nlg the_ fllter(_ed trajectory_. Theygr suppresses the sloshing effect when the motion stops.
circles highlight the positions in which the motion StoPS 50 s important to report that in this particular experithe

Fher(_afore whe-re the sloshing will be _suppressed.. MoreoVefs non.filtered trajectory causes a huge sloshing behavior
in Fig. 10(a)_ is reported the Fa_ngennal accele_ratlon of th\?/ith liquid spilling out of the container. As mentioned in
reference trajectory where is visible the smoothing effiect Sec. Il for high sloshing level the linearized model is no

to the exponential filter (in blue). Also it can be noted thah e valid to describe the surface motion, therefore the

even if the entire trajectory is composed of several tractsas,it in Fig. 10(d) for the non-filtered case (red dashee) lin
the exponential filter introduces a total delay on the wholg, - o cest approximation. This is also confirmed by the

trall!ectory of justr secondsd Wh'cr:‘ '9'6|44 seconds in the confidence intervals for the estimated plane coefficients of
1 |tr_e caseb 31@'515 seconds 'P L e2 |tres| onhe. ith the interpolation algorithm, which are used to reconstruct
In Fig. 10(b) the comparison of the water slosh without ang, e o;rface motion. In particular, in this case the configenc

with the exponential filter in the same condition of the vatd e ra) can be an order of magnitude greater than all the
tion experiment (2 litres of water) is reported. It can balgas other tests

noticed that the resulting slosh is greatly reduced, eafigci
while the robot stands in a stop period (grey zones). It is als

worth noting that the sloshing suppression by the expoaknti
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V. CONCLUSIONS

A novel method to generate trajectories for sloshing-
free motion of liquid filled vessels has been proposed and
experimentally tested. The method is based on a linearized
mechanical equivalent model of sloshing. This simplified
spherical pendulum model is used to derive a set of parame-
ters by means of which an exponential filter is designed and
implemented in cascade configuration to a generic trajgctor
generator. As proved by experimental tests, this simple
yet effective method allows a significant reduction of the
sloshing effect during complex motion tasks and proves to
be very robust with respect to parametrical uncertainties.
The presented method can be easily applied to many stan-
B | ! I N dard industrial robotics systems without having to add any
[ N N external equipment or modify the control system of the

N g robot. The exponential filter implemented as a FIR filter, can
be plugged after any online trajectory generator providing
| N ; sloshing-free motion without altering kinematic consitai
‘ ‘ ‘ | ' of the desired trajectory. Also with respect to input shgpin
methods, the exponential filter increases the number of
continuous derivatives which may simplify the generation
of the desired trajectory.
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