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ABSTRACT

Sloshing Suppression Control during Tilt Motion and
Falling Position Estimation of Liquid in Self-Transfer

Type Automatic Pouring Robot

In plants where liquids such as beverages, chemicals or molten metal are handled,
technology for accurate pouring, rapid transfer and safety have an important role in the
improvement of production efficiency. Such technology is essential in the automotive
industry where many components are produced by casting. Thus, control is required for
efficient pouring of molten metal into molds.

The authors have proposed the self-transfer automatic pouring system for pouring
process automation. "Self-transfer” means that a ladle is transferred automatically
following a detected sprue cup position while a mold is conveyed on a production line.
The authors previously proposed sloshing suppression control during transfer of a ladle
or a mold, flow rate control and falling position control of the pouring liquid. This paper
presents the control model approximating actual phenomena and sloshing suppression
control using the model, which reflect consideration of the variation in liquid shape
during tilting motion

In order to suppress the sloshing caused by transfer while molten metal is poured, the
natural frequency must be estimated depending on a ladle size and a tilt angle in real
time. To realize a real-time estimation system, the principal components attributable to
variation of the natural frequency are statistically calculated through simulations using
several ladle sizes. The regression equation for estimating the natural frequency is also
derived based on the principal components. This equation can estimate the natural
frequency in real time by feedback of load-cell and encoder values. A liquid transfer
system was built that can constantly suppress sloshing when ladle size is changed or the
ladle is tilted.

High-order-mode sloshing is likely to occur when transfer is accelerated or ladle size
is large, and the liquid surface is expressed by the wave. The liquid surface is also tilted
by inertia of transferring. Therefore, the linear state equation is derived that can
accurately express actual phenomena by using the boundary element method and
linearization based on the liquid continuous equation, pressure equation and boundary



equation. Moreover, the liquid transfer control system is built using the model
predictive control method. This system can completely suppress sloshing while the ladle
is transferred rapidly. The variations of liquid surface boundary points are expressed as
almost zero in the experimental results.

In the pouring liquid trajectory, the gravity force and surface tension of liquid pull the
falling stream-tube toward the center. The falling liquid position is also moved by the
inertial force of transferring. In order to take account of this phenomenon in predicting
the falling liquid position, a novel model of the falling liquid stream is built by using a
pair of multi-pendulums. The masses and the lengths are identified by using a
theoretical equation that includes flow velocity and liquid characteristics. Through
water experiments and model simulation, it is clarified that the proposed model agrees
well with actual phenomena. A falling liquid position control system employing the
proposed model will be constructed that can design transfer velocities in real time by
using the predicted falling liquid position of molten metal. When the novel predictive
control system employing the falling liquid stream model and the liquid vibration model
is built, the authors will present their conception of an integrated system for transferring
and pouring motion.



010
1.1
1.2

1.3

020
2.1

2.2

030
3.1
3.2

040
4.1
4.2

4.3

1.2.1
1.2.2
1.2.3
1.24

I I
I 0

UO0O000O000 . s

gboobooboobon
I 0

2.1.1
2.1.2

UOOOD0O .o
OOOO . e e

I 0

gobobogogboobogo
I 0 O
UO0O000O000 . s

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7

Sy P
I
UODDOO0O0 ... s
I 0
gogbboboooooboboooobooboooooobooono oL,
I
UOOOD0O .o

ggbobobbooooobobooooon
I 0
I 0

4.2.1
4.2.2

I 0
8

I I 1

4.3.1

I 0

10
11
13

15
15
17
17
19
21
22
23
25
26



i

432 000000000000 ... e 39

433 0000000000000 ... e 43
050 0OO0ODOODODOOOOODOODOODOODOODODODODODOO 45
51 OOOOOOOODO ... e e e e e 46
51.1 O0OO0OOO0ODO ... e e 46

5.1.2 O0OO0OO0O0OD0O0O0 ... e e 50

51.3 000000 0D0O00D0O00000 & ... 56

514 O0OO0OOO0ODO ... e s 60

52 00O0OUOODOOODOUOODOOODOOODOOOn. ... 64
52,1 0O0OOO0OOOO0ODOOODOODLDOObDOObDOObDOO ... 65

522 0O0OO0OO0ODOOO0ODOOOOOOOOOOOOOOODOOOoO ... .. .. 67

523 O0OO0OOO0OOO0ODO ... 68
060 DODODOOOOOOOOODODODODOO 75
6.1 OOOOOOOOO ... e e e e e s 76
6.1.1 0000000000 ... e 76

6.1.2 O0000D000D00O0D00O000 & ..o 78

6.1.3 00000000000 D00O000 & ... oo 79

6.1.4 O0000O0DO0ODOOODOOODOODOOO0O ... 81

6.2 ODO0O0OO0O0O0O0O0O0O0O0O00O0 ... s 84
6.2.1 000000 ... e 84

6.22 O00000D00O0D00O0O0O0O0O ...t 85

6.23 000000 @OO) ..o 0o 85

6.24 0000000000 ... e 87

6.2.5 OO0 . .. e 88

6.3 000000000000 0O00O00O00 ... oo 89
070 DODOODOOO 91
71 OO o 91
72 OOOO0 ... e e 92
oo0ood 94
00 102
O0A ODOODODOODOOOOOOoO 105
00 B Schur Complemet 107

oo0cC LMIoOogoogo 108



O0D ODOoboboopbobobobooboobo

il

109






10 Ui

1.1 O00O0O0

00000000000000000000000000000000000000000
DoooooDoooooooo®Pgpoooooo0O00O00D0O00O0O0DO0DooNonon
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
0Doooo

0000000000000000000000000000000 (Automaic Guided Ve-
hice) DD 000000000000 O0O0OOODOOooooooooo®Yooooooo
000000000000000000000000000000(0000)0000000
0000000000000 000000000000000000000AGVOOO00OO
00000000 1.0m/s)0000000000000000000000000000000
000000000000 000000000000000000000000000000
00000000 000O00o0oO

0000000000 0000000000000000000000000000000
000000000000000000000000000000000000000000
DoooPYopoooooooOoOO0DO0O0O0DO0O0O0O0O00DO0ODDO00OOOOODOn
0000000000000 00000000000000000000000000000
00000000 oooOooooooo00oO0o000000DO00NO0OO0DOonoonooo
0000000000000 00000000000000000000000000000
0000000000000 0000000000

0000000000 AGYVOO00O0000000000000000000000000
000000000000000000000000000000000000000000
000000000000 000000000000000000000000000000
0D00000000000000000000000000000000000000000
D0 AGVOO0DO0000D00000D0000000000000000000000000
oDoooo

0000000000000 0000000000000000000000000000
000000000000 000000000000000000000000000000
0000000000000000000000000000000



2 1o 00

S~

Hoy
(S
081ty
O,
Nt eC[I'O
A se
I]SO r

N\

Sloshing suppression
control

Tracking control

Falling position
control

Fig. 1.1 Self-transfer-type automatic pouring robot

gbooboobuoobuoobuoobuoobuooboob Fig l1ogbooboobooo
gboboobbuooobboobbuooobboobbooobboobbooobboon
gbogoboboobooboobooboobooboboooboobooboobbon
gboobuoobuooboobooboobon

l.gbobbooobooobboobboooooboooDbooobboobbOoooo
gboooboobooboobuoobuoobuoobuooboobg

2. 0bgbooboboboboboboboboboboooboboboboobobo
gboboobgoobooboobooboobooboobooboobooboobon

J.0goboobooobooobbobooooboobobooobbooobbooLo
gbgobooboobuoobuoobooboobooboobbo

4. Jgbooboobobobobbobobobbobbobbobbobbobbobbo

gboobuooboobuoobuooboobuobobobbobbobobbobbobbo
gbogboobooboobooooobooboobooboobooobooboon
gooooboobuobooboobooboobooboobobobobboobobooo
gboogbuooboobooboobooboobbobbobboboboobOoobOon
gbogogbooboobooboobuoobooboboobboobooboobbon
gooooboooboon

gbogbuoobuoobooboboobooboboobuooboobooboobooon
gboboboobgoobobbobobobbobbobbobooboobobbobonon
gbogbuooboobgoboooobooboobooboobooboobo



1.2 0000 3

1.2 0O0O0O0O

1.2.1 0000000 O0O0OO0OO0OOOO0O0O0O0O0n

0000000000000 0000000000000000000000000000
0000000000000 00000000000000000000000

Bawer 000 0000000000000 O0OO000O0D0OO0OO0O0O0OOO0OOOOO0OO
D0o00o0o0BPgAbramson 000 0000000000000 O0O0OO0OOOODOOODOOO
0D00000000000000D00000DO0ooooooo™®oooooooooond
0000000000000 00000000000000000000000100000
Doo0ooooDoooooooooooo®™®pppopoooooooooooOoOO0onOn
0000000000000 00000000000000000000000000000
0000000000000 00000DO000oooooooo™®oooooooooo
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 DOooooooooooo™poooooooooooooOond
0000000000 00000000000000000000000000000000
0000000000000 oo®ooooooooo000000No0No0noononong
000000000000000000000000000000000000000000
Dooooooooo®ppooooooOoO0O00O00O00000000000000000O
0000000000000 000000000000000000000o000gooQ
Royon-Lebeaud 0000 000000000000 00O00O00O00O0O0O0OO0OO0ODOOO
D0DO00DO00DO00o0ooooooooooo®oooooooOoDODOO0OO0000000
000000000000 0000000000000000000000000000Mg
Faltinsen 00000 3000000000000000000 (0000)00000000
0000000000000 0000000000000000000 02620 Guilleto O
0000000000000 00000000000000000000000000000
00000 0Seng0 00000000000 O0000000000000O00000000
noooooooo®p

0000000000000 0000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 000000000

1.2.2 0O0O0O0O0OOO0OOO0O0O0O

pbobobobobobbobbbobbobbobbobbobbobbooboobon
oboobobobobbobbobbobobooboobooboobobbobboobon
obooobooboobooboobbobbobbobbobbobbobboobobo



4 1o 00

000000000000000000000000000000000000000000
000000000000 o0o0®ooooooooDo0oO00o0000N0oO00NooNooong
000000000000000000 H,O0OOODO0O00000000000000000
0000000000000 00000000000000000000000%)0Feddema
0000000000000 00000000000000000IIRO0000000000
Doo0oooooooooo®oooooooo0o00oO0DoO0D0Noooooooong
0000000000000 00000000000000000000000000000
D00000P00onsuka 00 0000000000000 0000000000000000
000000000000000000000000000000000000 ?0Grundelius
000000000000 000000000000000000000000000000
000000000000 000000000000000000000000000000
000000 0® 0 Tz2amtzi0 000 000000000000 00000000000O00
ODO00000PIDOODODOOOOOODODOODOOODODOooooo®ooooo
000000000000 000000000000000000000000000000
0000000000000 00000000000000000000000000000
DooooooooBooooooO00DO000O00O00000000000O00N0ONooong
0000000000 00000000000000000000000000000000
DoooooP¥oppoooooo0O00DO0000000O0O0O0O0O0DoOooooo
000000000000 000000000000000000000000000000
0000000000000 000000000000000000o0o0o0o0o®ooooo
0000000000000000000000010000030000000000000
000000000000 0000000000000000000000®no0oooon
000000 20000000000000000000000000000000000O0
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
DoooooPBopooooooDoo0Do0O0DO0O00DO00DO00N0DO0DoOooOoonng
Do00oOooooooooooooo®oooooooooooooO0ooooooooon
000000000000 000000000000000000000000000000
000000000000 000000000000000000000000000000
DoOoooOoooooooo"MppgpooooooooO0oO0OO00O0O00O0oOooOooo
0000000000000 Oo0DOooooooo®o

0000000000000 0000000000000000000000000000
000000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000
000000000000 000000000000000000000000000000
000000000000 000000000000000000000000000000
0000000000000 00000000000000000000000000000



1.2 0000 5

gbobobbooooobuoooobboboooobobobuoogouobobbuoooobobogo
goo

1.2.3 0O000O0OODOO0O0OOOOODOO0O0OO0

0000000000000 00000000000000000000000000000
0000000000000 0000000000000000000000000000
000000000000000000000000000000000000000000
D0oDoooono®-®oKanekoD OO DODODODOOOOODOODOODOODOOODOO
000000000000000000000000000000" oDoooooooooo
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000%
3%0000ooooooooooooo®®ooooooo000000N0ONONnOn
000000000000000000000000000000000000000%bEIg
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000bn

00000000000 0000000000000000000000000000000
0000000000 00000000000000000000000000000000
00000000000 0000000000000000000000P*MOJehnn00
0000000000000 000000000000000000000000000000
00000000000000000000000000000000 0000 )g0Senchenko
0000000000000 00000000000000000000000000000
000000000 ooooooDoo0O00O00O00DO0DO00DO0DO00NO0ooooonondg
0000000000000 00000000000000000000000000000
oL PlDppoooDoo0000000000000000000000000D0ooO0ng
DoooooooooooPgzhang000000000000000O00O000O0000O0
000000000000 000000000000000000000000000000
Doooo®™ pooooDO0O0O0O0D0O000000000000000000000000
0D0000000000000000000O000nQge-sg

0000000000000 0000000000000000000000000000
0000000000000000000000000000000000000000000
0000000000000 0000000000000000000000000

1.24 0O000O0OOO0OOOOOOOOOOO

oboboboobobobobbobboboobooboboobuoobooboobon
obooboboobooboobbobobobobobboboboobboobbobboobboOoo



6 1o 00

Flash0OODOOODOOO0OOOO0DO0O0O0O0OO0ODO0ODOOOO0OODO00O0O00O0O000O0
0000000000000 00®noooooo0Do0D0000O00NO00NO0NooNonoong
0000000000000 00000000000Singer000000000000000
0000000000000000000000000000000000000% D000
Duwng 0000000000000 O00O00O0OO0OOOODOOO0OOODO0®ooooDoo
0000000000000 00000000000000000000000000000
Dooooooooooo®pooooooooO00O00O00O00O00O0DO0oNoooonag
M-PoppooooOo0DO0O00O0DO00O0O0O0O0O00DOO0D0O0D0O0OO0O0O0O0D0ODO0DO0
DOooooOoooooooooooo™pooooooooooo0oO00OO00oooonond
0000000000000000000000000000000000™poooooo
0000000000000 00000000000000000000000000000
0000000000000000000000000000000000000000™00o
0000000000000 00000000000000000000000000000
D00O0000oO0oOooooooooooooooooooo™poooooooooooo
0D00000000LMIODOOOO0O000000000000000000"0Faulwasser
0000000000000 00000000000000000000000000000
D0ooOooooooooooooooooool®g

0000000000000 0000000000000000000

1.3 0O00oboooon

goboobuoooobooboobobooobooboobuoobobbobboobooo
gbogbubgobooboooboobobobobbobbobbobbobbooboon
gbogbuogooobgoboobuobboobooboobooboobooboobo
gbobodboobobuoobuoobuoobuoobooboobuoobobboobooon
gboboobooboobobobobobobobooboobobboobooboobon
gbogbooboobooboboobobobobobobooboobobboobboon
gobogbuooboobooobon

gobobooobooobooboobooboobooboboooboobobbooobon
gbogbugoboooboobooboobuooboooobooboobooboobon
gbogobgobooboobooboobooboobobooboobooboobon
goboooboboooboobooboobooboobooboobooboobuoobo
gboboboboboobobobobooboboboboobooboboboobobobg

gbobooboobooboobuooboobooboobooboobooboobo
gboboobooooobobobuoooobobboboooobobobuobooboboobg
gboobuoobuooboobooobooboobooboobooboobboobon
googbobobooogbobooboobooboboboobooboboboooobn
gboobuooboobooboobooboobooboobbo



1.3 000000000 7

gboboboogoobobooobo1bbbbooooobbboooobbbobooog 20
gboboogoobbbuooobobuooooo3goooboboooooboobouooan
oboobobobob400000000000O000DLDO0ODLOO0ODLDO0ODLOO0OOODOODOD
obogobobooboobobboboboboobooboboobuoobobbooboon
gboboboogoobbbooooobbbooooobobbooosguobbbuooon
obooboboboobbobbobboboobbobbobobooboobobooboobon
obogobobobobobobbobobobbobboboebobbobo0obOo0obOoOn
gbbooooobbobuooogbboboabboboryooobboooobbbbooogon
O00OFig. 12000000000000000O

Chapter 1
General introduction

~_=

Chapter 2 Chapter 3
Automatic pouring Conventional vibration
system and device suppression control

s

Part 1 : Chapter 4
*Real time estimation method of natural frequency
* Sloshing suppression control with LPV model

s

Part 2 : Chapter 5
*Boundary Element Model (BEM) of sloshing
*Model Predictive Control (MPC) of transfer and

tilting system

Part3 : Chapter 6
* Stream-tube model for pouring liquid
*Identification method of model parameters

~

Chapter 7
Concluding remarks and
further research

Fig. 1.2 Outline of this dissertation






20 Oootduboooudbod

OOoooboobooboooooooboobob AChboboooooooooooobooo
obooooboobooboobooboobooboobooboobooboobo

2.1 OOO0OOObOOoOoboOoobDO

gboooboooboboobobbobbobooobooboobooboobOooDbog
obobobobobobbobooboobooboobooboobooboon

oboobooboobooboiob g 210000000000 DOODODOOODODODO
obhoooobooboobuogbooboooboobobobobbooXooooooo
YOOODOOOooOzZzooooooo oo ooboooooooboo Mb OO
OOo0O000ACO0ODOOOOOO0O0DOO0O0DOOOoOoXoyozoboooooooobooooo
OobOooobobobboobgoebOobOobObOObOOobOOobDOoDbOD

oboobooobooobobooboo400bbooosobbooobbooooboobog
obooboobobooboboobobobobobbobbobbobbobbobbobbo
oboobobobboboobuoobobuoobooboobooboobooboobon
ooooog

T 7 | — Level sensor
/é&l’ ,\ )\ Ladle
ln_ Pouring mouth

g Load cell
i il

AC servo motor 3, }
& Encoder

M-axis

Fig. 2.1 Structure of tilting-type automatic pouring system



10 020 0000000000000

Level sensor

Fig. 2.2 Attachment position of level sensor

goodooooooooooooboodooooooooooOoooooooooogon
oboooooooooooobooooooboboOooooooooooooboboboOoooooon
oobooooooooooooboboboooooooboboboOoooooooooooDoOobbonoo
Oo0oooooooobcooboofdrig.220000000000000000000000O
obooooooooooboooooooobobOoOooooooobn

00000000000000000Fig. 230000000A/DO00O0OOOOOOO
00000000000000000D/AD0DODOOOO0OODOOOODOODO0O0O ACDOO
000000000000000000000000000000D0O00 DSP(Digital Signal
Processor) 0000000000000 0O0000O MathWorksOD O MATLABOOOOO

2.1.1 O0ooond

0000000000000000w(#)0000000 w()0000000000000
000010000

dw(t) 1 K

u(t) (2.1)

O000K, 000000007, 0000000000000D0¢0000000 (X,Y,7,0)
gbogbuoobuoobooboobobbobbobbobooboobooboobon
0000000000 Ve, 00000000 A, 0 Table 210000



21 0000000 0000000 11

Matlab
premeed B DSP Box =--============m--- !
i DSP board — Counter > Encoder
i I —
il D/A converter A/D converter
Servo control box * Load cell
! | * Level sensor

AC Servo motor
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Table 2.1 Motor parameters

Km Tm Vmaz Amax

X-axis | 0.166[m/sV] | 0.007[s] | 0.8[m/s] 2.0[m/s%]

Y-axis | 0.083[m/sV] | 0.006[s] | 0.5[m/s] 1.0[m/s?]

Z-axis | 0.083[m/sV] | 0.007[s] | 0.5[m/s] 1.0[m/s?]

f-axis | 0.429[rad/sV] | 0.006[s] | 2.62[rad/s] | 26.2[rad/s?]
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Fig. 2.5 Container and simple shape ladle for basic experiments
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Table 2.2 Physical parameter of molten metal

Liquid cast iron properties

Viscosity [Pa-s] 0.00320
Density [kg/m?| 6337
Specific heat [J/(kgK)] 818

Thermal conductivity [W/(mK)] | 22.2

Solidification properties
Density of solid steel [kg/m?] 6725

Specific heat [J/(kgK)] 706
Thermal conductivity [W/(mK)]| 36.8
Liquidus temperature [K] 1409
Solidus temperature [K] 1338

! ‘ ! ! (a) Temp.1400 [K]

; x ! ! (b) Temp.1390 [K]

VAV AYAVAYAV A VA VAV VW
_% 1 2 3 4 5 6
leo‘3
' ‘ ' ! (c) Temp.1380 [K]
O ; =
_% 1 2 3 4 5 6
Time [s]

Fig. 2.7 Difference of sloshing by molten metal’s temperature
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Fig. 3.3 Frequency response of measured sloshing
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Table 3.1 Natural frequency of sloshing (b=0.28m]|,h=0.14[m])

Mode 1st-mode | 2nd-mode | 3rd-mode
fret (Exp.) 1.587 2.344 2.905
fret (Eq.3.2) 1.598 2.260 2.768

(a) 1st-mode (b) 2nd-mode (c) 3rd-mode

Fig. 3.4 Vibration mode of sloshing
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Usin(t) = 0.63 sin(2.513t) (3.3)
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Fig. 3.5 Vibration for natural frequency
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Fig. 3.6 Transfer result with sin curve input
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2 2 ! 5 5 With trapezoidal velocity
5 — With minimum—jerk input
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Fig. 3.7 Transfer result with minimum-jerk input

Ujerk(t) = 0 + (zo — 27) (157" — 67° — 1077)

T = t/tf (3'4)
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_ With trapezoidal velocity
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”Z 2 ! ! ! ! With trapezoidal velocity
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Fig. 3.12 Control input with hybrid shape approach
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NZ 2 With trapezoidal velocity
g — With Reference governor
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Fig. 4.4 Concept to estimate natural frequency during tilt ladle

Table 4.1 Parameter for tilting

¢ldeg] |  Oh or de | Peak frequency[Hz|
0 0.1303 | 0.1186 | 1.8624 1.917
5 0.1096 | 0.1219 | 1.8119 1.886
10 0.1127 | 0.1213 | 1.8216 1.892
15 0.1096 | 0.1219 | 1.8119 1.886
20 0.0994 | 0.1246 | 1.7736 1.862
25 0.1016 | 0.1239 | 1.7831 1.868
30 0.0912 | 0.1274 | 1.7344 1.837
35 0.0821 | 0.1316 | 1.6793 1.801
40 0.0781 | 0.1338 | 1.6508 1.782
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Table 4.2 Correlation coefficient (Case 1)

oh or de

oh | 1.00 | -0.97 | 0.98
or | -0.97 | 1.00 | -1.00
de | 0.98 | -1.00 | 1.00
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Fig. 4.5 Conceptual diagram of principal component analysis
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a)Casel O f., = 0.015z; 4+ 0.00125 + 0.01123 + 1.86
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Table 4.3 Values of principal components

¢[deg] Z1 Z2 Z3
0 -3.1753-0.6969 | 1.0528
5 -2.5100| 0.2605 |-0.3194
10 -2.3815| 1.9894 |-0.5622
15 -1.9467|-1.5344|-0.2499
20 -0.0721 | 2.7626 | 0.2480
25 -0.1733 -2.7530 | -0.2632
30 1.5662 | 0.0820 | 0.3461
35 3.0637 |-0.1580 |-0.6107
40 5.6289 | 0.0478 | 0.3584
Eigenvalue | 8.6753 | 2.7639 | 0.2926
R-squared | 0.7229 | 0.2303 | 0.0244
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Fig. 4.6 Results of principal component analysis
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Fig. 4.7 Results of multiple regression analysis
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Fig. 4.8 Comparison for terms of regression equation
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Fig. 4.9 Comparison for simulation values and estimated values
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f = (—0.0213d + 0.0202)z, + 0.968f, + 0.0138 (4.6)
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4.3 UO0QO0OO0OO0OOOOOO0OOOOODOO

00000000000000000000000000000000000000000
0000000000000000000000000000000(4.6) 000000000
0000000000000000M6 000000000000 ¢[deg]00000000
000 A[m0000000000000000000000000000000000 Table
4300002 0000000000000000000 (00005[deg))00000000
00000000 ¢s)00000000000000000000000000000000
000000000000000000

00000000000000000000 Fig 4100000000000000000
000000000000000000000000 P,0000000000000000
(Wp =2rf,¢ =0.00)0000000000000 (¢C=0.00)000000000 0.023[He]
0000000.05H00000000000000000000000000000000
000000000000, 0000000000y000000000000000000
00000000000 K,000)00000000000000000000000000
00000000y 00000000000 (46)0000000000000000000
00000000000000000000000000000000000000 »,000
000000000000000000000000000000000000000K,00
000 7,0000000000000

Pt P P : Motor model
U, 9 K, Vi R G, : Notch filter
s(Ts+D)|! .
L(r ) Tiltine system C, : Low-pass filter
I
7, K, > s> +2¢w (s)s + @ (s) ux\ K. Vs R
S Ts+1 E S+, (s)s+al(s) ||| |s(Ts+1)
Transferring system

Fig. 4.10 Control system of ladle transfer with tilting
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4.3.1 UU0OUOOUOOoOoOObOboUoooooobod

Fig. 4100 00000000000DL0ODODOODbOObOOO0DbOLDbOObOobOOODOn
gbobooboboobooobbooobboobbbooobbuooobooobbooobn
gbogooboobooboobooboobooboboobuooboboobuonbbo
b0 K, 00000 i, 00o0ooooon

K,
C, = 4.7
Tis+1 (4.7)

0000000000000 000000000000000000000000000000
000 (Nelder and Mead simprex method)* ™0 0000000000 DDOOOOOODO
000000000000000000000000
000000000000000000
minJ = (r, — y.)> + J, (4.8)

K,

0oooo0J/,000000000000000000000000M49YO000D000O0000O0
gboooobooon

Jp =p1+p2+ps+ps+Ds (4.9)

1.000000000000000w, =314[rad/s|] 0000000000000 0[dB]OO
00000000((4.10)0000000000000000p, =100000000

| Ky(wi, ) |< 0[dB] (4.10)

2. 0000000000000 410[V]DODDODDOOODOO, (411)D00O0O0O00O0O0OOO
O000Op,=1000000000

max | u, |< 10[V] (4.11)

3. 000000000 v,[m/sj0000 ¢m/s?]0000000000000000000
00000 0.8m/s|02.0(m/s?]0 000000, (412)00(4.13)00000000000
D0000ps=100p,=100000000

max | v, | < 0.8[m/s] (4.12)
max | a, | < 2.0[m/s’] (4.13)

4. 000000000000000 O,0000010*m|0000000O, (4140000
000000000000 ps=100000000

max(0,) < 107? (4.14)
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Table 4.4 Parameters of C,,
Gain K; | Time Constant 1; | Setting Time T[]

16.64 0.045 1.35

0000000000000000000000000000000000000000000
00000000 @=1.000000 8=0500000~v=200000000000000
00000000000 0000000000000000 K;07,00000000000
000000000000000J,00000000000000000000000000
000000000K, = (80,40,20,10)07;; = (0.01,0.1,1,10)0 0000000000000
Table 440000000000 K,07;0000 024m|00000000 7,00000000
0000 7,0 (4150000000

Ty =min{t || r, — y.(t +0) |< eld > 0} (4.15)
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O0000000000000000000000000 34frad/s|]DO000O0OO0OOOOO0O
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4.3.2 O0O0O0OOOOOOOOO

Fig. 41000 0000000000000000 41e)00000000OOOOOOOOO
O000000w,(t)D00000000000 (LPV: linear parameter varying) 0 000 0O O
0000000000000 00000000 w,(H)0 (46)000000000000(4.6)0
0000000 ,00000000000000000000 (LTV: linear time varying) O
O0O0oo0o0oo0o0o0o0ooo0o0o0oooo0dbD w,()o0O00O000O LPVOOOO
oooao
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O0000000000000000000 A(w,(t))DO0O0O0D0OOOOODOOOOOOOOO
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Fig. 4.11 Control gein and transfer input
Z. = Aclwn(t))ze + Bery
Yo — Cew, (416)
T
Te = Tel Te2 Ted Teda Teh )
0 1 0 0 0 i
(R S R S SV
Ac(w,(t)) = —°F 0 —7 0 0
0 0 0 0 1
.0 0 K —wi(t)  —w,(t)
T
B, = [00 L 00],
C, = [mm 0 0 00]

0000w, rad/s) 000000000000000000w,(t) =2rf(1)0000000¢O
0000000000000000¢=0.0010000

00000000 w,()0000000000000000000000000000000
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gdoog
O=1{0:i=1,2,....N} (4.17)
A(0(t)) B(o(t)) B
cm) Do) ] ZO‘ D, (4.18)
ZO[Z':LOéiZZO
DDDDDDDDDDDAC( ()) doddodooobodooooodgooogd
O={wy;:i=12..,N} (4.19)
Awﬂn):Ejawai (4.20)
i (k) {é 8;5 (k=12 N)

0000000000 (Wi, Wak, -+ woy) 000000000 (Ay,--+,Ap, -+, Ay) OO
0000 (41600000000 (4.200000000000000000000000000
00 wyy 000000 i(i=k)000 100000000 es(i £k 00000000000
00000000 w,y 00000000000 0.01[HZ]0000.01[Hz]0000000000
00000000000 0000000000000000000000000
LPVOOO000O00000000000 LTVOOO000000000000000000
0LTVOOO00000000000000000

(t) = A(t)x(t) + B(t)u(t)
{ywzc@ﬂﬂ+D@Mﬂ (4.21)

ooorLrvoooooood

(421)0000LTVOO000000Ow(t)=000000000000000000000
00000000000000000000®p
V(z) =2 Pt)z(t) > 0 (0.2
Ly (z) = ") P)x(t) + 2T ) P(t)x(t) + 2T (1) P(t)i(t) <0 '
DDDV(ﬂ#ODDDDM2$DDDDDDDDDDDDD

P(t) >
gV() = (A@ﬁdﬂﬂ?%ﬂx@)+xTQﬂ%ﬂx@)+xT@ﬂ%0(A@p(ﬂ)<0 (4.23)
AR)TP(t)+ P()A{#) + P(t) <0
0000000000000000000 PH)O000D00O4.23)00000000LTVOO
000000000000000000P(+)000000000000P(HO000000O0O
DO0D00D0D000000 (LT linear time invariant) 00 0000000000000 0OO
OOoLpPVODOOOOOOODOOOOO
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goorLpvooooooog

Lpvoooooooobooboon

(0(2))x(t) + B(O(t))u(t)
(0())x(t) + D(O(t))u(t) (4.24)

—N
St
Sl
I
Q

LTVvOOOOOoOOoOOOwu()=00000000000000000000000000O000O0O0

P#) >0
{ SN 6,250 L AT(9)P(9) + P(O)A(M) <0 VoeO fcwv (4.25)

)

00 LPVOOODOOOOO0AOOD0O0 0000000040 0000000 »000000
D000P@W =60P/09) 0000000 (423)00000000000(425)000000
000 POOOOOOOO0OO0O0O00000OOOOOOO0O00000000000000
0D00000000000000000

P>0
4.26
{ AT(\P+ PAWB) <0 V€O ( )

(42000 0000LPVOOOOOOOODOOOOOOOOODOOODODOOOO

P>0
{ (N (@) A)TP+ P(XN, ai(0)A) <0 V9 e© (4.27)

(4.25)0000000000000 (LMI: linear matrix inequality) >0 00000000
DDDDDDDDDDDDSchurcomplementDDDDDDDDDDDDDDDDD[QS}DSChur
complement 10D 000000 BOOOOOOOO

_P 0 o | 7F 0 o | TP 0
a a ... a
"o ATP4+PA | | 0 ATP+ PA, Mo ATP 4+ PAy
_P 0
= <0 4.28
0  AT(wn)P+ PA(w,) (4.28)

000042 000000a=(ay,as,--,ay)’ 0000000000000 OLMIOOO
000000000000 (LMIDODODDOOO cooOoOoOoOoO)O

F(a) = Foyt+toFi+aFs+---anyFy >0 (429)
P 0
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0000000 Fle)>0000 Flo)DODOODODDOODOOODODODODOOODODDOOOOOOO
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Table 4.5 Stable region for natural frequency

Sample 1 Sample 2 Sample 3 Sample 4

wp1[rad/s] 27 x (1.10) 27 x (1.00) 27 x (0.89) 27 x (0.78)

wnn[rad/s] 27 x (2.09) 27 x (1.80) 27 x (1.51) 27 x (1.23)
N [-] 99(1.60+ 0.5[Hz]) | 80(1.40+ 0.4[Hz]) | 62(1.20+ 0.31[Hz]) | 45(1.00+ 0.23[Hz])

MathWorks 0 0 MATLAB LMI Control Toolbox D000 (4.30)000000000000
pPOO0D0O0O0DO0O0O0D0000000 (W, - »Wak, -+ ,way) 00000000 OTable 4.5
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Fig. 5.1 Conceptual diagram of sloshing model
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Fig. 5.8 Inner angle on &
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Fig. 5.10 Simulation results by boundary element model
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Fig. 5.16 Proposed liquid container transferring with tilt system by MPC
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Table 5.1 Parameters of transferring control system

Wpy1 Wpy2 Wpy3 Wyy
1.483 | 1.092 x 102 | 4.005 x 10* | 7.923
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Table 5.2 Parameters of tilt control system
Wpt1 Wopt2 Wpt3 Wyt K
7.426 x 10? | 1.072 x 10% | 4.005 x 10* | 5.672 x 10% | 1.624
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Table A.1 Values of principal components per 4 cases

¢[deg] Zal Za2 Zb1 Zp2 Zc1 Zc2 Zq: Zq2
0 2.5196 |-0.3876 | 1.7194 | 0.2043 || 0.9212 | 0.0612 ||-1.1936| 0.0753

) 0.9887 | 0.0948 || 1.7194 | 0.2043 || 1.5984 |-0.0482 || -0.4186 | 0.1987

10 1.2480 | 0.0427 || 1.2390 | 0.0094 || 2.2932 [-0.2992 || 1.3650 | 0.0996
15 0.9887 | 0.0948 || 0.7858 |-0.0973 | 0.9212 | 0.0612 ||-1.9372|-0.1057
20 -0.0013| 0.1668 || 0.7858 [-0.0973 | 0.3616 | 0.1423 || 2.6448 |-0.5100
25 0.2361 | 0.1683 ||-0.7464|-0.2059 || -0.2357 | 0.1600 |[-2.6526 |-0.3217

30 -0.9398| 0.1250 |[-0.3894|-0.2146 || -1.2929 | 0.0967 | 0.4136 | 0.2320
35 -2.20401-0.0803 || -1.7652 | -0.0878 || -1.2929 | 0.0967 || 0.4136 | 0.2320

40 -2.8361[-0.2245 ||-3.3485 | 0.2848 |-3.2743 |-0.2708 || 1.3650 | 0.0996
Eigenvalue || 2.9626 | 0.0373 || 2.9650 | 0.0350 || 2.9702 | 0.0297| 2.9315 | 0.0684
R-squared | 0.9875 | 0.0124 | 0.9883 | 0.0117 || 0.9901 | 0.0099] 0.9772 | 0.0228
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