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Robust Liquid Container Transfer Control for
Complete Sloshing Suppression

Ken'ichi Yano, Associate Member, IEEBNnd Kazuhiko Terashimdiember, IEEE

Abstract—This paper is concerned with the advanced control with sloshing-suppression [7]-[20]. In [7] and [8], modeling
of liquid container transfer, with special consideration giventothe  and optimal control laws for several engineering specifications
suppression of sloshing (liquid vibration) while maintaining a high - \sing Jinear quadratic integration (LQI) control for the transfer

speed of transfer for the container. In order to construct a high- f rect | tai tudied. with ial id
speed transfer system for a liquid container that satisfies the reduc- of rectanguiar containers were studied, with special considera-

tion of endpoint residual vibration and has a robustness to change tion to the suppression of sloshing. In these studies, a simplex
in the static liquid level, a suitable nominal model was adopted and method was used in order to determine the optimum weighting

an appropriate reference trajectory was determined by the opti- matrix required to satisfy the respective specifications. The au-
mization method of Fletcher and Reeves. Based on the above COM-thors also present a computer simulation that was conducted

mand inputs and using a suitable nominal model, aff > feedback - .
control system was applied to this process, and its effectiveness isuSIng the boundary element method (BEM) in order to analyze

shown through simulations and experiments. Furthermore, an ac- the higher order sloshing modes [9], [10]. It was shown in this
tive control method that takes into account the rotational motion  study that the first-mode sloshing was dominant in container

of the container in addition to the linear transfer motion is pre-  transfer, and4>° control theory was applied to this transfer
sented, which can achieve complete suppression of sloshing durlngsystem in order to avoid spillover, as described in [10]. Segie
the whole transfer process. . ' :
_ - o ) al. studied a two-degree-of-freedom control structure in terms of
Index Terms—Casting process,H™ control, liquid container  gi4e factorization, where the feedforward part was constructed
transfer, manufacturing automation, optimization methods, . timizati d the feedback part desianed
robustness, sloshing. via a convex optimization and the feedback part was designe
based on théf *° loop shaping method [11].
With respect to the shapes and transfer paths of the containers,
. INTRODUCTION historically, either narrow or three-dimensional rectangular con-

LOSHING-SUPPRESSION problems have recently béainers that follow a straight path have been studied. By con-
ome of great importance in various fields. For exampl&ast, in more recent years the transfer of cylindrical-shaped
the sloshing problem of liquid fuel inside the tanks of aerospa€éentainers and transfers involving a curved path have been of
vehicles, the safety design of storage tanks for liquefied natutia¢reasing interest. In [12] and [13], the optimum motion con-
gas (LNG) and the design of water tanks to withstand eart#iol system for an automotive, cart-based, cylindrical container
quakes are significant areas of investigation. Also included Was studied, with the main focus being on the suppression of
this field of study are liquid container transfer systems, su&hoshing on a curved transfer track. In [14], a methodology was
as those used for the transfer of molten metal from a furna@iven for the design of an optimal driving pattern for a moving
motion control for automatic pouring in the casting and stegylindrical liquid container to reduce residual free-surface oscil-
industries, as well as the transfer of perfume in perfumations after a rapid access process. Furthermore, the optimum
manufacture and beer in the alcohol industry, and so on.  shape for such a container was studied by minimizing the per-

In this paper, the control topics particularly focused on aférmance index and considering both the resonant frequency of
liquid container transfer systems in the casting and steel ind(igst-mode sloshing and the volume of liquid [15].
tries. In practical industries such as these, it is essential to avoidhere are some studies that consider the robustness of
excessive decreases in the temperature of the molten metakthgssystem. In [16], in order to enhance the robustness for
well as preventing any deterioration in quality due to contamthe higher-mode sloshing, an algorithm was proposed for
nation and to avoid overflow caused by sloshing. It is also infieedforward nonlinear optimal control over a specified fre-
portant to shorten the total operational time in order to improgiency-range, and its application to the suppression of sloshing
productivity. Therefore, it is necessary to construct a liquid cof? linear container transfer was studied. In [17], the robustness
tainer transfer system that will suppress sloshing as well as €f-sloshing-suppression to changes in liquid level and viscosity
cilitate high-speed transfer. using three-dimensional rectangular and cylindrical containers

Many studies have been published that deal with both t@s analyzed in detail. It was pointed out that controlling
sloshing analysis in a container [1]-[6] and container transféhiis system by the conventional method of LQI control with

a Kalman filter was considered to be difficult in the situation
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changes in liquid level after pouring and so on. Also, it wa Water Level sensor

unable to prevent sloshing during the acceleration or decel Sideumt -

ation phases of container transfer using only acceleration cc Timine bent Container '
trol, though residual vibration can be completely reduced at tl £ @iax01aXam  DC servo motor
endpoint, by which we mean the end time of the acceleration |Fowntiometer Slide guide

[

the deceleration phase. This problem has to be solved in orde

prevent deterioration in quality due to contamination and ove FPulley .| \
flow. As regards this problem, Fukudsa al. [19] presented an ) H Lom H

active control system by using tank rotation for a narrow two-d , .
mensional tank by using Housner model [1]. And Feddetzé. U

[20] also presented the system by using a robot arm. However
their studies, the optimum control design did not pay sufficiel AD T computer | DIA ol Motor
attention to the problems of transfer time with sloshing suppre

sion control and robustness to changes in liquid level.

Therefore, the purpose of this paper is to construct a liquiép- 1 Schematic diagram of experimental apparatus.
container transfer system that suppresses sloshing while trans-
ferring the container and which has robustness to changeglacement of the liquid level in the first-order mode sloshing
liquid level. Furthermore, a controller is found that allows thean be observed near the side walls of the container, and be-
container to be transferred as fast as possible while meeting tlagise the sensor had to be slightly displaced from the side wall
specification for suppression of sloshing. in order to avoid the effects of the wall.

First, the sloshing characteristics of a rectangular containerConsidering the similarity law in fluid dynamics, the object
with respect to changes in liquid level is clarified, and a nominéitjuid in the experiment was water, because the Reynolds
model is constructed that minimizes the uncertainty range of thember of water at normal temperature is almost the same
variation of model parameters with respect to changes in staig that of molten iron metal or molten aluminum metal at
liquid level. high temperature. For example, the kinematic viscosities

Second, in order to achieve a high-speed transfer systenpésron molten metal at 1350 [K] and 1400 [K] are 1.365
well as the required reduction of residual endpoint vibratiorx 10°¢ [mPa- s] and 1.237x 107° [mPa- g, respectively,

a reference trajectory was determined as a command input \fdrile that of water is 1.6 10~° [mPa 9] at 293 [K]. Therefore,

the feedback control system using the optimization method thfe fluid behavior of the molten metal may be fairly accurately
Fletcher and Reeves [21], combined with a clipping-off teclpredicted by the behavior of water. It enhances design safety
nique [22]. H> control theory [23], [24] was applied to solveif the control design is conducted using a fluid with lower
the robust control problem. Furthermore, a sloshing model waamping characteristics, and for this reason we could use water
complied comprising of two-degree-of-freedom including botas the target liquid in this study.

of linear and rotational container motion, based on the concept

of the pendulum-model. An active control method using addi- Ill. M ODELING

tional rotatlonal motion was mtroduceq lﬁpoo control in ord_er A. Sloshing Model

to realize complete sloshing-suppression in the acceleration and

deceleration phases of container transfer, as well as achieving!0oshing in a three-dimensional rectangular container can
the elimination of residual vibration at the endpoints. be approximated as a two-dimensional phenomenon as long

Finally, the effectiveness of the control system applied in th@ sudden changes in acceleration do not arise [8]. Therefore,
paper is shown through simulations and experiments by cotfi-the present study, the sloshing phenomenon is described by

paring with conventional control methods, such as LQI contrdl Pendulum-type model [8]. The principles of this model are
with a Kalman filter [8]. shown in Fig. 2, and by considering the moment balance around

the fulcrum of a pendulum, the following equation is derived:

[I. EXPERIMENTAL APPARATUS d*0 d(te)
= —c

2
A schematic diagram of an experimental apparatus is shown dt dt
in Fig. 1. The size of the three-dimensional rectangular-typ¢here
container ig).14 [m] x 0.14 [m] x 0.3 [m] (length, width, height). ~J  moment of inertig J = m¢?);

Lcos? 0 —mglsin +malcosd (1)

A straight transfer path is used. 6 angle between the horizontal line and the liquid sur-
The container is moved using a dc servo-motor with a timing face;

belt, and the velocity and position of the container are controlled « acceleration applied to the container.

by means of the voltage applied to the motor. This model contains an equivalent coefficienf viscosity, con-

The position of the container is detected by a potentiometgdering both the viscosity of the liquid and the friction between
fitted to a pulley. Displacement of the liquid level is detectethe liquid and the wall. It also contains the massof liquid,
through changes in resistance between the two stainless ethe-gravitational acceleration and the equivalent length of
trodes. The electrodes are installest 20~ [m] from the side the pendulum. The parametérandc of the above model were
wall of the container. This position was used because the difetermined by experiments [8], whetes also theoretically ob-
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Fig. 3. Relationship between liquid levet and natural frequency of sloshing.

Fig. 2. Pendulum-type sloshing model.

tained based on the natural frequency determined by the perfeéts: £ in (5) are obtained as the nominal model, where a nom-
fluid theory [8]. The liquid level at the right-side wall of the inal model is a model which is used in the control design. After

tank at the observation poitt is represented by the equatioﬁhi3= the VOl?USt CQHUOHGr is d.esi.gned.
h = Ltané. Linearization of (1) gives The relationship between liquid levkk and the natural fre-

quencyf, is shown in Fig. 3. In general, the theoretical values
of the natural frequency of sloshing is represented by (7), where
£, is the length of the container andis the dimension of the
sloshing mode in (7).

B. System Model Vgt tanh (khs) 7

i _C45_ 9,1
6 = me £9+£m ()

For the dc servo-motor, the transfer functiGp, (s) from the fa = o
input voltagee(t) to the velocityu(t) of the container is given
as the following first-order lag model: where
V(s K, _ (mm) _
Gn(s) = (s) ©) K= 7. n=12...

E(s) - T.,.s+1

whereT.,, is the time constant anii,,, is the gain. These param- These changes are associa_ted with the depth of the liquid.
eters were obtained by adding a step-wise input to the apparatl§ natural frequency of sloshing does not change at all when
and then changing the output data from the position of the cdfi€ liquid level is higher than 0.14 [m], as shown in Fig. 3. On
tainer to the velocity. the other hand, if the liquid level becomes lower than this fixed

Using these parameters, linear vector state-space equatfGig!: the natural frequency decreases. Therefore, controlling
are obtained as follows, where the control inp{#} is denoted tiS System by the LQI control method [8] was considered to

asu(t) and the position of the container as This model is P€ difficult in cases with low liquid levels.
controllable and observable It is clear that the nominal model should not be selected for

use at the middle point of the change in static liquid levels
%= Ax+ Bu, y=0Cx (4) butinstead at the middle point of the change in the natural fre-
quencyyf,,. Therefore, the nominal model is determined in order
where to minimize the variation in the natural frequency of sloshing for
the change in liquid level.

[ Og 1c 0 01 f?m Assuming that the static liquid level changes from 0.03 [m] to
7 m 0 - 0.25 [m], the maximum value for the natural frequency obtained
A= m ETm B = me . . . . . .
0 0 0 1 ) 0 in the sinusoidal-wave shaking experimentd,is= 2.39 [Hz]
o o o -t Ko, whenhs = 0.25 [m], and the minimum value of the natural
L T, Ty frequency isf,, = 1.85 [Hz] whenhs = 0.03 [m], as seen
o= L 0 0 0 ) in Fig. 3. Hence, the sloshing model with a natural frequency
10010 fuom = 2.12 [HZ] is selected as the nominal model, where the
x =[0 0 jj]T7 y = [h a:]T. (6) nominal liquid level can be calculated by (7), and then—=

0.0497 [m], wheref,, = 2.12 [Hz], ¢, = 0.14 [m] andn = 1.
Then the parametery, in (5) is calculated, and in (5) is
obtained by the sinusoidal-wave shaking experiments. On the

) ) o ) other hand, the natural frequency of (2) is represented by (8)
Inthis section, the characteristics of the sloshing phenomenon
for changes in liquid level are analyzed. Then the dominant nat- g/t

ural frequency of the system is investigated, and the parameters, f Ton (8)

IV. M ODEL CHARACTERISTICS ANDNOMINAL MODEL
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TABLE | TABLE Il
NOMINAL PARAMETERS FOR THESLOSHING MODEL COMPARISON OFCONTROL SIMULATION RESULTS AThs = (.14
Parameter Value | Unit Time | RV (hs=0.14[m]) A MA (hs=0.14]m]
Length of pendulum, ¢ | 0.055 m Casel | 3.12[s] | 1.87 x10~* [m] 1.31 x10~2 [m]
Coefficient of viscosity, ¢ | 0.539 | Ns/kg 1.8[%] 92.3[%]
Mass of liquid, m 0.975 kg Case2 | 3.22[s] | 1.25 x10~ [m] 8.15 X107 [m]
Nominal level, hs 0.0497 | m 12.0[%] 57.4[%)]
Motor gain, K, 0.0913 | m/sV Case3 | 3.14[s] | 1.37 x10~* [m] 8.70 x1073 [m]
Time constant, T, 0.0448 s 1.3(%] 61.3[%]
Cased | 3.24[s] | 6.97 x10~* [m] 8.80 x1077 [m]
6.7]%] 62.0]%]
TABLE I Case5 | 2.84[s] | 4.20 x10~* [m] 7.50 x107° [m]
COMPARISON OFCONTROL SIMULATION RESULTS AThs = 0.03 4,1[%] 52.8[%]
Time | RV (hs=0.03|m]) { MA (hs=0.03]m])
=z =)
Casel | 3.12]s] 1'0410?18[?][@ 1'42107]18[7][[“] case where the liquid level iss = 0.14 [m] and higher. Hence,
- _3 - _2 in Sections V and VI, the reference trajectory and the control
Case2 | 3.22[s] | 2.19 x10™ [m] 9.70 x10~° [m] X ; .
ST1[%] 63.4[%] system are redesigned for the conventional method in Casel [8]
Case3 | 3.14[s] | 4.58 x10- [m] 1.06 x10-7 [m] in order to construct a system that is much more robust.
44.0[%) 74.6]%]
Cased | 3.24[s] | 3.22 x107° [m] 1.04 x1072 [m] V. OPTIMAL REFERENCETRAJECTORY
31.0[%) 73.2[%)] . . . .
In previous studies [8], a tentative reference trajectory that
Caseb | 2.84]s] | 5.43 x10~* [m] | 7.90 x10° [m] P . [8], a ter ! jectory
5217 55.61%] did not take into account sloshing-suppression was used as the
. : command input. Therefore, in this study, in order to achieve
Casel : Nomfnal level=0.14]m], LQI control, tentative trajec.tory a high_speed transfer system as well as the reduction of end-
CaseZ : Nominal level=0.0497[m|, LQT control, tentative trajectory point residual vibration, a reasonable reference trajectory for
Case3 : Nominal level=0.14{m], LQT control, optimal trajectory the feedback control systems was determined using the opti-
Cased : Nominal level=0.14|m], H* control, tentative trajectory izati thod of Eletch dR 21 bined with
Caseb : Nominal level=0.0497[m), H* control, optimal trajectory mization method o etcher an eeves [ ]’ combined wi

a clipping-off technique [22].

An optimal trajectory was calculated in the following way.

Therefore, the parametét,in (5) is obtained by substituting First, a terminal condition as shown in (9) is imposed to achieve
f = 2.12 [Hz] in (8). Nominal parameters for the sloshinthoth the target velocity (0.5 [m/s]) and the suppression of
model are shown in Table I. sloshing at the end-time of the acceleration. An optimal control

Simulation results designed by the conventional noming}oplem that considers the restriction of the input magnitude
liquid level (hs = 0.14 [m]) [8] and the proposed nominalof the actuator in the experimental transfer system can be
level presented in this section are shown as Casel and Cag§énulated as (10), where the cost functidris formulated as
respectively, in the following tables. The cases where the liquigy ,adratic form in order to minimize the square norm of state

:gve.Idl?S :Ih0'03 [m]4are showr? n Tab_ll_eblll al?ld the cases Of o 4t the end-time of the acceleration interval, and where
iquid level s = 0.14 [m] are shown in Table III. t € [to, t] is the interval of acceleration

In the simulations, LQI control and a tentative reference tra-

jectory are u_sed, which is_obtained by integ_r'c_lting the vglo_city x, =(#,6, é)T = (0.5,0,0)T (9)
curve that brings the tank into the target position at the limit of . T .
acceleration of the equipment. The time element is the transfer ™2/ =(xe, = x(t7))” W(xe, —x(ts))
time for a 1 [m]-transfer of a container, RV is the maximunsubject to
value of the residual vibration at the endpoint of the transfer, and
MA is the maximum value of the sloshing amplitude caused in 7 a
. . . . . d 4
the acceleration and deceleration intervals. The amplitude ratios ¢ | o | — i (10)

compared with Casel in Table Il are also shown in the tables, dt i
where the amplitudes in Casel in Table Il are set to 100[%)].
From the results of simulations, good performance with re-
spect to robustness to the reduction of the liquid level is realized
by using the proposed nominal model. Therefore, it is consid- J
ered that this present model is useful in order to achieve effectiveSecond, a nonlinear optimal theory based on the Fletcher and
sloshing-suppression for changes in the liquid level. The readgaeves method, combined with a clipping-off technique is ap-
why robustness was improved in this section of work will be explied to solve the optimal control problem with constrained in-
plained by its connection with the control gains described in thits. The interval of deceleration is known to be able to turn over
following section. It is, however, unavoidable that this makeke input of acceleration. Finally, an optimal reference trajec-
the transfer time longer, and also further excites sloshing in tteey is obtained by integration of the velocity curve for the total

—%9(3059 — sinf + %acos@
x(to) =(&,6,6)" = (0,0,0)"
la| 2.0 [m/s7].
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Fig. 4. Optimal reference trajectory. - Weighting matrices Congr(t)’llled
variables
) . . o . Reference > WR > Z
interval. This method gives a minimum time for the accelere value
tion interval of 0.37 [s], wherdV = diag[10°, 10°,10°]. The w w. L
optimal reference trajectory for the nominal model obtained i Plant o ;' >2:
the previous section is shown in Fig. 4, but this trajectory is nc P ¥t !
a completely Bang-Bang-type inpyt peqausg the sampling tin +ﬁ > T =V
was set to 0.01 [s] for reasons of limitations in the hardware. i
The effectiveness of this optimal reference trajectory is show

by comparing it with the results obtained by using the tentativ Ks)
reference trajectory in Casel. Through simulations and fee
back control experiments, where the nominal liquid level wa_ H ®controller

set to 0.14 [m] and LQI control was used for both cases, the _

influence caused by the reference trajectories alone was evgfﬁ'—& Augmented closed oop system 6 control design.

ated. In this case, the nominal model was set at 0.14 [m], and the

minimum time of the acceleration interval was 0.34 [s]. The sim- VI. CONTROL SYSTEM DESIGN AND RESULTS

ulation results with the optimal reference trajectory are sho H> Control

in Case3 in Tables Il and IIl. Furthermore, experimental results

of the tentative reference trajectory are shown in Fig. 5(a), andThe H> feedback control system is designed using the op-

those for the optimal reference trajectory are shown in Fig. 5(jynum reference trajectory and the proposed nominal model. An

where the time of the acceleration interval for the tentative refigmented closed-loop systemis constructed as shown in Fig. 6.

erence trajectory is 0.25 [s]. The H™> controller [23], [24] is designed to satisfy the following
From these results, the maximum amplitude is suppresdBied sensitivity problem, as shown in (11):

from 1.42x 102 [m] (100%) to 1.06< 102 [m] (74.6%) at the

lowest liquid level(hs = 0.03 [m]), and from 1.31x 10~ [m] H

WsS

(92.3%) t0 8.70< 10 [m] (61.3%) at a nominal liquid level of WaR H <. (12)

(hs = 0.14 [m]), with almost the same transfer time. Further-

more, the residual vibration as well as the maximum amplitude Since the mixed sensitivity problem considering the additive
is quite well suppressed for both cases whiese= 0.03 [m]  variations of model uncertainty is applied to this study, an un-
or 0.14 [m]. As a result, the data for Case3 show better resulisrtainty weightVz and a sensitivity weightVs are given.
compared with those for Casel in all performances. Hence, theFrequency responses of the transfer function to additive vari-
optimal reference trajectory that achieves a reduction in the ergions of model uncertainty against a nominal model are shown
point residual vibration as well as the maximum amplitude is oinr Fig. 7. In order to enhance the robustness for this model un-
tained by using the optimization method of Fletcher and Reevesytainties against changes in liquid level, spillover avoidance
combined with a clipping-off technique. and noise rejection, the uncertainty weidhl; is given to be
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TABLE IV
PARAMETERS OF THECONTROLLER

7 a; b, C;

1[1.33x10%[1.09x10°*| 9.70 x 10

2] 1.35x10° | 4.36 x 10° | 4.64 x 10°
= 3] 1.35x107 | 4.74 x10° [1.39 x 10°
= 41 1.18 x 10° 4.16 x 10® | 2.62 x 10°
5 5] 1.08 x 10° 3.71 x 107 | 2.86 x 107
© 6| 6.71 x 10° | 2.22 x 10° | 1.56 x 10°

71 1.62 x 10? 5.27 x 10* | 1.30 x 108

8 1.22 3.94 x 10> | 1.30 x 10%

10° 10! 102 B. Analysis for the Designed System

Angular F . .
ngular Frequency [rad/s] In order to compare with the previous results [8] of the LQI

Fig. 7. Frequency responses of the additive uncertainties against the nomﬁﬁptrOI system in Casel, whose nominal ”qmd levelis 0.14 [m]
model and its uncertainty weight. and whose reference trajectory is the tentative trajectory, simu-
lation results of thed °° control system are shown in Case5 in
monotonically increased, as shown in Fig. 7. Its value is showWgP!es Il and Il whose nominal liquid level is 0.0497 [m] and
in (12) who;e reference trajectory. is the optimum tr.ajec.tory obtained in
Section V. Further comparisons are shown in Fig. 8, where the
liquid levels in the figure are (a), (b), (c) 0.14 [m], (d) 0.03 [m],
(e) 0.07 [m], and (f) 0.25 [m]. The transportation distance is 1
[m] and the sampling time is 0.01 [s]. In these simulations, the
Next, the sensitivity weight’s is considered. Each diagonaltrajectory of the LQI control appears to be faster than the tra-
element ofi¥’s is given as a different value, as shown in (13)ectory of theH>° control at the middle of the transfer, but the
because this system is a regulator system for the suppressj@fsfer times are 3.12 [s] for the LQI control and 2.84 [s] for
of sloshing and also a servo-system for the position of the cafie = control, respectively. Furthermore, the example where
tainer. In particulal’, the We|ght|ng function for the pOSition the System was designed WO control theory under the same
container is set to be high gain, at aroune- 0 in order that it trajectory and nominal model as Casel was shown in Case4 in

W — 8.4 x 107%(5s + 1)(10s + 1)
= (s + 40)(s + 70)

(12)

can operate as a servo-system Tables Il and Il to evaluate only the differences between the
. control methods.
Ws = { 54 (9 } (13) As seen in Fig. 8, both th& > control and the LQI control
s+10~* methods effectively suppress sloshing when the liquid level is

There is, however, a tradeoff between these two features, Bet4 [M]. Also, both control methods suppress sloshing when
cause the present system features one input but two outputs 188 liquid level is higher than 0.14 [m]. This is because the
in order to make a fair comparison with the LQI control, a sen@/0shing characteristics hardly change compared to the conven-
gaina, of Ws was given to yield faster transfer times than thional nominal model as shown in Fig. 3. However, as the liquid
LQI control theory. A regulator gairy,. will be given hereatfter. levels decre_ase, it becomes difficult for the LQI control_ to sup-

As a result,a,. anda, were set to 7600 and 1650, resped?'€ss sloshing when compared to #€” control. The differ-
tively. An eighth-order controller is obtained, as shown in (14$Nce in robustness for each change in liquid level is clearly
where the optimum value of is 7.71x 10°. A MATLAB Ro- Shown whems = 0.03 [m]. For example, the maximum am-

bust Control Toolbox was used in the present control design p"t“d% is suppressed from 1.42 10°? [m] (100%) to 7.90
x 107" [m] (55.6%) and the residual vibration is suppressed

K(s) = [Knu(s) Ko_u(s)] (14) from 1.04x 1072 [m] (100) to 5.43x 10~* [m] (5.2%) with
the faster transfer time.
where we have (15) and (16), shown at the bottom of the pageThe frequency responses of the controller in Case5, obtained

Each parameter of the controller is shown in Table IV. by using theH *° control theory, are shown in Fig. 9, where
h
w=[Kiu(s) Keu(s)]|] (15)

K ( ) ags7 + a756 + a655 + a5s4 + a453 + a352 + azs + ay

(8) = =

! 8 4+ g8’ + 758 +cgs® + x5t cusd st s+

bgs” + brsS + bgs® + byst + bys® + bas? + bos + b

Ka(s) 85’ + 078" 4 bs” + 0587 4 0457 + 035" + 025 + 01 (16)

8 4 cgs” 4 780 + 685 + 58t + cusd3 +cas? +cas+
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He= control theory.

Fig. 10. Experimental results of Casel and Case5 for liquid level

Fig. 9(a) shows the frequency response from the sloshing to the= 0.14 [m].
control input and Fig. 9(b) from the position error to the con-
trol input, and wherév.sgs andhsy 4 represent the frequency re-
sponse of the model &t = 0.03 [m] and 0.14 [m], respectively.

From these results, it can be seen that the gains decrease Biperimental results for liquid levéls = 0.14 [m] and the
around the resonance frequency of sloshing. Therefore, itcisanges in static liquid level are shown in Figs. 10 and 11, re-
clear that this controller is well designed, because it does ragtectively. The experiments were carried out under the same
cause excessive sloshing. It became clear thafftiecontrol conditions as the simulations.
system designed with the proposed nominal model suppresseBoth the H° control and the LQI control methods sup-
sloshing, even when liquid levels are very low in the simulgressed the sloshing quite well when the liquid levels were
tions, compared to the results B> control designed with the higher than 0.14 [m], as shown in Figs. 10 and 11. However,
nominal liquid levelhs = 0.14 [m]. in both the experiments and in the simulation, the residual vi-

To sum up, in order to make the system more robust than thiation of the LQI control persists as the liquid levels decrease,
conventional results in Casel, the selection of a suitable nomiaald therefore théZ>° controller is superior to the LQI control
model in Case2, the calculation of the optimum reference trsystem for the present problem. Also, the control input of the
jectory in Case3, and the design of the control system using #8<° control system is scarcely influenced by observational
bust control theory in Case4 were all necessary exercises. Tmaise on the positional data.
Case5 shows better results than any of the other cases for alfherefore, it became clear that the proposed method could
performance indicators. realize a control system that could guarantee robustness to

C. Experimental Results
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Fig.11. Experimental results of Casel and Case5 for the change in liquid level.

changes in liquid level without any deterioration of the transfer
time and so on, when compared with a conventional control
method [8] such as LQI control.

VII. AN ACTIVE TRANSFERSYSTEM WITH ROTATIONAL
MOTION

With the control system presented in the previous sections,
good control performance was obtained at the endpoints of
the acceleration and deceleration phases. However, sloshing
was generated during the acceleration and deceleration stag%_s
and it is necessary to avoid sloshing throughout the entire
transfer interval in order to avoid overflow and contamination ] o
of the molten metal. A complete reduction in sloshing duringound the fulcrum of a pendulum, the following equation is de-

this phase is not possible by employing a mechanism witled:

13. Sloshing model with rotational motion.

one-degree-of-freedom if the transfer speed is not slowed down. 426 2d(6 — n) ) _
Hence, we have proposed a transfer machine that incorporates J@ =- CTK cos” 0 —mglsin @
two degrees-of-freedom. 42
+ mifcosf — mﬁDW cos 0 a7
A. Experimental Apparatus
o ) ~ where
A schematic diagram of the experimental apparatus with one ; moment of inertiaJ = m¢?) around the fulcrum of
rotational motion in addition to one directional transfer action is the penduluno:

shown in Fig. 12. This apparatus only differs from that shownin ., anter of revolution:
. . . . . . T L]
Fig. 1 in that the container is exchanged for an active containery  jistance between the center of revolution and the

with a rotational motion capability newly installed in addition to center of gravity:
the one directional transfer system. With respect to the rotational angle of the pendulum model from horizontal level;
motion, the container is rotated by a dc servo-motor using a, angle of the container:
timing belt, and the angle of the container is detected by an angular acceleration for container rotation;
encoder fitted to the rotational axis. The other instruments are; acceleration for linear transfer applied to the container.
the same as those described in the previous section. Linearization of (17) gives
B. Model with Rotary Motion T 1,
y O=——(0-i)—50+% (18)

1) Sloshing Model:The rotational motion is added to the
pendulum-type sloshing model of (17), and a new model is prethere the forcé D/¢)7j added by the rotational motion of the
posed that can be described as a sloshing model that takes @uotainer is neglected, because its value is very small.
consideration rotational motion. The principles of this model 2) System ModelThe transfer function@,.(s) from the
are shown in Fig. 13, and by considering the moment balanoput voltages; (¢) to the angular velocity,(¢) of the container
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TABLE V
NOMINAL PARAMETERS OF THEACTIVE MODEL T Z
Parameter Value Unit WR
Length of pendulum, ¢ 0.0550 m A
Coeflicient of viscosity, ¢ 0.5390 | Ns/kg u > P w i)
Mass of liquid, m 09750 | kg S
Nominal level, ks 0.0497 m Nominal plant
Motor gain, Ko, 0.0931 | m/sV Noi
Time constant, T, 0.0125 s K W (ﬂf
Motor gain, K, -0.5507 | rad/sV + =
Damping factor, ¢ 0.3778 - H controller
];\Ii:::rl;i 11%::::5??1;?; yé’w;) 310322 ra,i/ > t':rls?nslfgr Augmented closed-loop system fér> control design of an active

rotation is given by the second-order lag model shown in (19§ change over the range from 0.03 [m] to 0.25 [m]. An aug-
The model parameters were obtained by adding a couplerB?”ted closed-loop system is constructed as shown in Fig. 14.

sinusoidal-wave inputs to the apparatus These specifications are represented in the following equation:
WgrR
Va(s) K,w,? .
G(s) = = . 19 r .

The linear vector state-space equation is obtained in (20)
whereu (¢) is the control input of the linear transfen (¢) is the
input of the rotational motion antdis the displacement of water
level at the wall of the container, approximately represented by [ 8Ax107 (5410541 _2.52(s+10)

h = L6. Nominal parameters for the active sloshing model are " & (o740 o+70) CHTOGF200) | (29)
shown in Table V. This model is also controllable and observ-

The uncertainty weightVr is given to guarantee robustness
for parameter uncertainty, and its value is shown in (23)

Next, a sensitivity weight¥s is given to achieve the same

able
transfer time as the outcome of Case5 in the previous section
X = Ax + Bu, y=0Cx (20) 15 000 0
We = |: s+1 40 :| (24)
where 0 70—+
- 0 1 0 0 0 0 0 - In addition to these weighting function$/y is given to
9 _e g c 0 0 —-1_ negate the effects of stationary noise, as shown in (25), based
£ m m LT, : et
0 0 0 1 0 0 0 on actual noise characteristics of measurement of hathdx
A= 0 0 0 © 1 0 0 6000(2s-+1)* 0
0 0 0 —w.? 2w, 0 0 Wy = (S+BOO) 1054125 (25)
0 0 0 0 0 0 1 s+125
Lo 0 0 0 0 0 —7 As aresult of synthesis, a 16th-order controller is obtained, as
B 0 Z= 0 0 0 0 Ko } T described in (26), where the optimal valueyof 1.0667x 10*
:O 0 0 0 Kw,” 0 0 K(s) = Kn_ui(s) Kn_ua(s) (26)
c_|[L 0 -L 00 00 [ Kamui(s) Ko—u2(s)
|00 0 0010
- . . where
x=[0 0 n n i x ] Knon(s) Knowo(s)] [h
_ T _ T Uy | h—ullS h—u2\S

The frequency response of the controller is shown in Fig. 15.
From these results, the gains from both the positioof the

An H=° controller with two control inputs was applied tocontainer and the displacemeénof the water levels to the con-
the design of the transfer container such that the free surfdaod input«, are locally low at approximately the resonance fre-
of the liquid could be kept parallel to the bottom plate of thquency of sloshing. Therefore, the controller for is of the
container, thus keeping the difference between the angle of tiwch-filter type, one that does not oscillate the sloshing while
pendulum and the angle of the container at zero throughout the transfer is being carried out. On the other hand, the gain from
transfer interval. This system was also designed to enhance plositionz of the container to the control input for the rota-
robustness for this model uncertainties against the changesiam is locally high at approximately the resonance frequency of
liquid level, spillover avoidance and noise rejection, by the samskshing. Therefore, in this system, the container is actively ro-
methods as used in Section VI. The liquid level is also assumtadied to suppress sloshing.

C. Robust Controller Design
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D. Control Results
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tainer transfer by adding rotational motion to the container. The
following main results have been obtained.

[1]
2

—

13

—

[4

[l

(5]

6

—

[7

—

(8]

[9

—

(20]

In the experiments, the 1 [m]-transfer-time of this active[;y
transfer is intended to be the same as that of the normal transfer
in Caseb. AlImost complete suppression of sloshing was realized
for all transfer intervals, i.e., during acceleration, at constant; »)
velocity, during deceleration and finally after arrival, as seen

in Fig. 16.

VIIl. CONCLUSION

(23]

(14]

This paper presents two major points. The first is to demon-

strate a robust control design by applyify© control theory
o X . . . [15
to a liquid container transfer with changes in static liquid level.

]

The second is to create an active control design for liquid con-

The effect of changes in static liquid level at rest on the
liquid container transfer system was clarified.

A control system that effectively suppresses sloshing was
designed by introducing a nominal model aimed at the
middle value of the natural frequency of sloshing.

The optimization method of Fletcher and Reeves com-
bined with a clipping-off technique was applied to deter-
mine a reasonable reference transfer trajectory by consid-
ering the suppression of the liquid residual vibration.

The effectiveness of the proposéfi™ control system

for model uncertainties against changes in liquid levels,
spillover and both static and unpredictable noise was
demonstrated by comparing with a conventional control
method for the liquid container transfer system.

Complete suppression of sloshing during the acceleration
and deceleration phases of the transfer was achieved in
addition to a reduction in endpoint residual vibrations by
adding active rotational motion to the container.
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