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Abstract

5th,February,2016
Disturbance attenuation of standing-wave oscillation in a water tank based on
H, control with consideration of submerged block geometry
No.12305391
TSUKAGOSHI Sota

Department of Mechanical Engineering

Nagaoka Univercity of Technology

Breakwaters are important for protecting the structures near coast and ships. To attenuate the
disturbance wave, breakwater have been used. Any disturbance waves can be perfectly blocked by
the dikes when the wave height is lower than thatof dikes. Previous study, the active water wave
control based on H, design are researched. Standing-wave oscillation are attenuated with horizontal
plate moved to vertical direciton by optical controll. In this paper, conventional analysis and control
methods on open- and closed-loop system of disturbance attenuation control in water-wave tank, is
extended to consider variation in bottom surface geometry by additionally locating a submerged block.
The validity of of the experiment is exmained by BEM (Boundary elemental method). The size and
location of the block influence the frequency response of open-loop system. Resonance frequency of
water tank reduce as the block becomes tall and wide. The 1st resonance reduce when the block moves
toward middle of water tank. Control experiment shows that sinusoidal disturbance with 1st to 3rd
resonant frequencies are attenuated up to 40% Random disturbance is attenuated up to 30% at 1st to

3rd resonant frequencies.
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EETIHMRAT 2ATEEOEAIRENE & IED W58, AR T 2 HIENIHRPRE ShTwv 5.
HIBIZZOME LMD A D D7D AL ZFIT 2B EDRH 272D D#EAZ TR I LIETE
. IO HA D 2 FTREIC U, TE B2 A < 721 I33B O A 0 112 M ORI & 58 7 /N
ZTNERWEEZ OGNS, LA L, BOOZML § 2 L EOR DEAHREIEUIH Y T 3N S =2A
U7z, DX > TR E S B o TLE o2 e WIS BENENT WS [1]. & 2 ABE OB SINED 5 A
Lz Wz ek, BBNOD 2 HEBOBEIINEICHTITEZIIAVWI EEEHRLTW S,

RE X N7z PIF KR E VW72, V.Cossalter 512 & > THBEIZHAT 272005 Thb T3 [2]. %
7z, BEBWNIIRAIF AT B L RATE O BRI A E & 2T, O ERASHEI NS 0, Thk
RIS 272D DIEA T —< D I v b — N— (HELRITIR > T 1km, EA* 5 200m, KE 4m FEE DK
EI) THEPTHONTWD [3]. R ZOREDORE I ZEBEOA T — L UTHELTWS.

EENERIZE L CINETIL, BEE2KECBEL, Hy SIEIZEDWT 77 ¢ THIBIZ KDk
BN OEIEFIHATTHON TN D [4]. BRI, SRE G I HRE) S 5 KM % F O 72 R U
T, FEBRANZE 7N RO B RIS T D WT Hy RIBIREG 21T, IO ER TS
LNDZLAREINTVWD. 72720, HEOHEBIIN U CTEMRMIZEHEBISE 2G5 221383 LD
BT L, KEDKREZE L OO BEGEZHHL, TTEIWTHIERZE 2175 2
ENHRETH - 72,

FARBUNE DR EIZEE L, & V7 NOWRRDfENT & I OINHIN AR D 3 > T F ik 72 O X MREL 7 —
IV DIARDZEE % f#hf 3 5 72125 < DIFREIT & > TITONT W2 [6][7].  EH ORISR D2 H)
252 558022\ T, Young-Sun Choun,Chung-Bang Yun 52 & > THREREIZE D, RV W
(IR & R THIDERE 2 IR 723k 21w ¥ > Z O AT O (8], KEEIZHWN T L — k& F 1T THE
Jilel, MEG D MIEE % Il Z 727K OB AR B IEIZ £ D De-Zhi Ning & (Zfififfr X 172 [9].

JEHAR & 20 S B CEAER OMHIHIHEEER 2 175 Z L AIMHHFARE T — Lo 20y & v 7z
LHATED L HEASND. V19 4, Frid dlirh i O BR, MR XPE 71 BT 1~7 SRR 7his



R OMERFEAREL T — VONEKDBAB Y Y TIZE ARV =Y a vy a7 icint 3B HRE &
NTVWERERMBEL 5TV [5]. FAFARE T — i3k %2 7 v 7 IZ AN TKEERES 72 7 —)VIZik
OTHELARAP—RITH Y [10], AFZED RIS LELLL TWS . B 21X, Hehi i1 FE BT O H
FEAIRRL T — NV DEGHRE TIME 18x BT E 14m, S 12m TH 5 [11]. MR T — LD R E S 3B L
U TRNIWEEZSND 70, FERITIHERENE Z FR T 5 R IXEBMELREWEE X oND.
AT, KEOEIZ 70y 7 2RETEHILI2ED, BB KRR E G T 5 KI8T
DU [4] OFERZILET 5 Z L 2 HINE U, KRN —TRIZG R 2L Ty 7 2 &E
TEHZENERBHN—TRANDHE LGS 5. BRIIZIE, BV — T RANDHEEEZRT 57-DIZK
IR % AL S CRARBIGE 2 JIE T 5. BRI RBUNE T & & T B ERIRIC X 2 8UEGH %
HIZHMRZZANTEZe2HNE U, BREREIC X 2 HUEFHAEOZ Y2 BEET 5. HL— 7%
DGE % FZ RS 5 72 DITITEBITHIER 2 3G U THIEMERE T3l & fI5ERZ 1T 5. EEROEEDEIX
b o MR T B 2 0%, IKHAR D ZAIE PR I B 2R 54 % 5 R 7z

AR IE 2 ETEBEEEDNE & EEBREM:, ¥ VY ORIERIEEZRT. 3EL D, KEBRDBL— 7%
DIHPBISEIC G A BB ERET 5. 4TI, TRy 7R EINEEATE 70y 28372 0WGE L
FRRIZ, SRR EEREGHC & 0 AAELIHI T E 20 GEEL 5 BETHiimZ B R B & 2> TV 5.
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2.1 ZEEREE

REBRCHHT 2 FBEEBEBOMEEX 2.1 25X 2.242, AL -2EEEK 2.1 I10RT.

ARFEFRCTHAL - FEREEIX 70y 7 &2 #%E T 2 LMISHk 4] LW, K21 O w 3SNELHT 2
FaL—ROEENES, v FHEHT 2 F 22— XOREES, 2 =T —k VO, yldV 771
VAR YD IMESTH L. AKEITEZ 880mm, BT E 290mm, & 350mm DO AH T AEEH WS
V=T E—X—DKIZEE 3mm, 288 x 60mm D7 Z VI ERO ), 7o/ Faxz—K2 L, 77Fa
T—RIIKEZRFHOGARPIZEE SN T WS, K21 OLEMPNILAT 7 F a2 — &, HHDGIEET 2
FaL—RThH5. VT E—XDEEEZZI DL &, VT E—XZREIETVWEIATYE Y
TE—RANDANSVZEEZSIES. 0.1lms THIZHET DY) TV XA LEY 2a—)b 12 & h HENLE
ED K IE/HEED/SOOVAPER I NS, T2/ FaZ—XOHRIEIX1 7OV ZAH72D 0.0lmm 24T 5. B
TTEALABLOHEAT 2 F 22— X OHEME (m) 22 hZhwu k5. B, 77/FaT—
R, OV EE T E UTHREI S B 572012 wu il Ay A 7 EHEE0.3Hz DA INAT 4 VAR
EPNTERESE Y 8T 5.

IKEEHIFEARBEATH D 2 2D U FOFE 2 - O EAREOMMIZIZSE SR [12] ORI
HHINTWS. BARMIZIZR I 1m OE TR O o & R C RN [E 2 U, Wil % K o E5cE
#&9 5. KIEDBAT M DKM Z FE L THRET 5 X 5124 KDY — iz EH k@ TBAT & AN
R, AVTUyHO—AOEME TS, &5~ HOEMIL, ) — Fiitz F v b TEEL 72K 26.5cm DAT
VUVABLREL N RO TR VY IBLETH5Z 20 a VT U REKT S UV OBEREILT
VIERBUTCEBELE UTHAIN, A/DEBBIC AT S, 7V 73R MELEZ MU 7ZBEOER? 5,
HEARIZHHIL -BIEEZ R T 5. FARBIGERER & TR BRI L 2R 2 BT E 2 &
502, B O A EITE (V) & &80 U COEHALE 2 S DKM ZL (m) IR L7250 % &2 VSO
G5 zy &35, HBEZKMEMIZEBR T 2B OV TIIREIZ L VAT 5.



IKAL % 2 AL & B TR BULE % 19 5 EERDAMIIKAL 192mm, KO AL #E 1 154mm & 5. KA
192mm EAKIERERMFETHAL TW2DH D TH S, KAL L AKFHRDMED 0.875 2 A 5 &, 5 3k
[13] &0 ABUZ KB RPEIMLTLES 2R bhoTW5. AR RO ERIZBEET VL B izo
TLED D, HRIFIREL 0875 2 AR08 L LT LEDMEEEAT.

IKFE DAL AKGE K Z U, KA 192mm 126 U TEIEZ 50g AL TWa. &% 50 AL TWS
DIFRFATRGEIZ K D KEDZL U EENZLT 2D <72 TH b, IRENZBHEKDWE A2
LTWhWnWZ & %2/RT.

Table 2.1: Experimental equipments

PC Dell PowerEdge 840 / Fedora Core 5(RTAI3.6.1,Linux kernel 2.6.20.21)
A/D Contec AD12-16(PCI) / 12bit, 10 « s

PIO Contec PI0-32/32T(PCI) /32bit 200ns

Actuator Oriental motor EZC4D005M-A/ Thrust70N Speed(max)600mm/s
driver Oriental motor ESMC-C2
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Fig. 2.1: Diagram of experimental apparatus

Fig. 2.2: Photograph of experimental apparatus



REBRTIE, KEDOEREZAEE D7D, KEXORLRLZAREOT 0w 7% KEEHIZHET 5.
23 MFH L7 0y 7 OEBER2#E 5. 50x160mm,100x 160mm D 2 FEfEZ HE U 72, BT I3KED
BIFLIFIEFA—TH D, 70y 7 3RETHY, BH D EZHIZANTIED S, EEOERTIEI 7oy 7 &
KIEDEEMIZBRAM DT LU E S DTT I RAF v Z7RZFHAL CTRIAZHED 5.

FEREMIE Ty 2770 (case 1) DHBEELEDT, F2.21TRT I DD case & X 5. case 2, 3,4
7oy 70 b EREME c ZEELTHES o 223 E725BE, case5 .6, 7T 70y 7DES a
CRRBENE c ZEELUTCHE b 22387254, case 2,8, 9 1E7 0 v 7DEE o LIE b 2T L T
BAE c ZZbEIE25E, OHBZITS 2L 2B ML TWS. KEIZTRTDT — AT 192mm, /K-
WROALE X 154mm TH 5. & FRBUCE ZHE L, b T L IZRITRT .

Fig. 2.3: Photographs of blocks

Table 2.2: Experimental condition to research effect of block

Experimental case number 1] 2 3 4 5 ‘ 6 ‘ 7 |8 ‘ 9
Height of block a(mm) 0 | 50 | 100 | 150 160 50
Width of block b(mm) 0 160 50 | 100 | 150 | 160
Distance from wall to block edge ¢(mm) | 0 360 360 0 ‘ 140




2.2 KEZEDHE

3% 2.3 (Z/KAL 192mm (2% U TR 50g # ANz KSRz L 57 v TOH &b E2RT.

REEREIZ K > TT V TOHAPKRELS BT VB Z e o BEK-2 VY HOBERRVHEZI TS
Zenbhrsb. 1HUEORBETY 77 LY A2 Y RIOH D ERK 0.06V, T 7 —X MO0
K0.02V 2L U7z, & T ORMEHD & R OHENRARZEL VI 1% TH 5.

Table 2.3: Change of salt-water character

The date and time Reference sensor (V) | Error sensor (V)
December 16, 2014, pm00:00 4.29 4.06
December 16, 2014, pm00:10 4.3 4.06
December 16, 2014, pm00:20 4.31 4.07
December 16, 2014, pm2:30 4.31 4.07
December 17, 2014, pm15:00 4.34 4.08




2.3 TUHOKRIE

RIFZE T, EARRAKAME 2 AT EZRIEL TWD. 72, REFZEIZAEKICAEEZZALT
W57 DIKEKDBLREERNEGL 2D, ZAUEVARIEK-) — NROBEBRENKREL kD, BEA
BENRESLDETVTOHNERELREL RS, FEROREDKRMMEATE R\, £ T DK
EEA 7Ry NEEOREVPBETHS. A 71y NEEIFEIEL R LKGORDT V7O IITHS.
Z 7%y NEEOHEITIEEBRSAEO KN O H I 2 E R T AR % HWCHEEHIL 72, &1 50g 12Kk%
192mm DE S FTANIZREBOA 72y NEEIF) 77 LV AR U hH 4.3V, 27—k U9 H5 4.1V
Thb.

U ORIEFUTNOFIEL DIT5 7.

1. KiEiZ 50g DIEEEAT 5.
2. 192mm OEH X X TKEIES.

3. KHEI DAL DA D X3 < ABEDMEN 1 IRILREHEL 0.724Hz T, w(t) = 0.02sin2 7f & U Tl
WHY 7 F 2T — X% ikiE 20mm EXEEE X 5.

4, TI—H V77 LAY OHNETEZHEL, FRHIZE Y > Y ALE O KE O @i & i
B 2 G AED . BEHAMD IFEHFIZE DTV, Yy 7R TKEOHEZKEIZEEUEKRT
flE L7z,

5. % YD (RS EE-BHEEIE) % &k 2 0 (KH OB E - A H O BAEA) TH O Lmm %72 b

DHEEZEFET 5.

K24 ZBKMEOHIT L T DREDKEDOEB % /7T . (B BIE- T AKEITE) / (K O S - 7K i D e
BAL) &0 lmm 720 DBIEV, V7 7L v Z0.015(V/mm), T7 —+ >H 0.014(V/mm) ZFEH L 7=

10



Table 2.4: Sensor output and change of water level

Reference sensor | Error sensor
Max voltage (V) 0.053 0.18
Minimum voltage(V) -0.098 -0.17
Max voltage- Minimum Vlotage(V) 0.15 0.35
Max water level - Minimum water level(mm) 10 25
Output by 1lmm change of water level(V/mm) 0.015 0.014

B Y THETEIHBRED LRZMZ72DI&2 v FORbVIZET I v 7 IV T U 28HE
LTy 7o hz3EILZ. 533y 7 a0 o2V ZRZ20WRS5THS. £
25 ICHHERROEMIZLET v I oD NZ I ERT. M 24 ICHEARIINT 282 T
L2770 ANE Ty U BB 7Ly AR UY, REN TS —k O ERLTW
5. HEAREAKIHELI I v 7 AV FURIAHIBAHERREOLLIC L D NDE LR HIE L
72. % YDA Y Iz 1000pF & 2200pF Dt 7 I v 7 3> F U211 72888, HAOBNEb LR o
o) 77 LY A v RIOREAREIIERTTV, T — IO AL 817V TH 5. KL
192mm OO A 7w NEENY 77 LV A2 Y43V, T -k VP41V TH B Z & LKL
T, BiEAKE Y — NROFHEREIIH 450pF TH 2. RKITKAL 192mm DXV H O IIBEFIZ iRz &
RELTHERAKENUARTH B Z e S HIEHBIZIEIROV DS, KEVPKELELH LT YT
DEFIT B Z LA\,

Table 2.5: Amp output when ceramic condenser is setted

Capacitance of ceramic condenser (pF) | Reference sensor output (V) | Error sensor output (V)
2200 8.77 8.17
1000 8.77 8.17
550 5.16 5.03
330 3.06 2.95
220 1.97 1.85

11
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Fig. 2.4: Amp outoput when ceramic condenser is setted
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F3E ERKAPKRISEILI-—TROBRBISEICSZA S
e

3.1 RFEIRBULERR

Fig2. 1 IR UZANELT 27 F 2 T — REREIE 5 w, W7 7 F 22— XBEESuD2DOD7 7 Fa
I—XDEREESH ST —k Y2, VI7L VAP yD 200y FOHIETEEENSE L
TH A TRABEBINEFBRZ1TD. u(t)=0,w(t)=0.005sin2xft & UTHELHT 7 F 2 T— X DIREIREIK
% fkiE 5mm TIERKIRIRE) S, GLuw(s), Gyuw(s) DEBEEIGE 2155 . IRIZ w(t)=0, u(t)=0.005sin27 ft
Y UCHIBA Y 2 F 2 T — X OMEHREIE FHRIE 5mm CERERD S €, Gay(s),Gyu(s) O EBEUE
BEED. TIF 2T X EEPBCHE ST 25E, EPEHIRBIZELE L X TICZ DM Z 5
T5. TDOH, REBRTIHMEE RO RIZHEOE T, R TOREEIZB W TR LR Z —£ 55 7
CRET B, TDR, L UHHIES ) & 2(t) 2 10 HED &L, AEREISE OBE I, JER
BOBGEHPIZ 0.5 ~ 10Hz T, MNEEBE L TEMEIZ 260 2# & Uz, 270 Y7 1ms TH
5. KX DT NTRHBEBICE F L AKOFIHZ HNTHIEI N T WS,

B 3.1 IZHHHSRATH 5FK 2.2 D cased s . HRIFEARBUCE Z R U, FRAHIZ K D BRERE XL S
MikiRz2RT. 72F 2T —RDANMES 22 x BV HDOHNES 20 D407 1 VS KO
NAHRFEDSRINT WS, TRy 72 @E L LEOERMEER (i) LHERERLEOME (Kt %
2 &4 3Hz BA b 0D i AR T IR TG R & TS IR D 7 o1 VIR F vy TR SN E. T
N, BREREOT A UERRERI O REWVEMIZH D Z 05, Kl - 70y 7 BEH OB
INBIDFENZ BRI RBERZIETERTE TRV LICRINT 2 2EXO6NS. 772U, (K
B RS K IR EBEDNFIE 3, TOMDT A VB IOMMHOZILDOE BT WS Z e H
brbd.

13



Magnitude (dB)

-601 Eren aveed™

CF e
—gol (ot
_1[I) L

~1440}

Phase (deg)
L ok
[}
88

5760} ‘o®

4

N

3
L

Freauency (Hz)

from w to z

—
w
=z
]
-
3
o
c
£
-80 L
T
0 4

-1440}

Phase (deg)
A
()

g &

& *exp.

-5760+ BEM

8

Freauency (Hz)

from w to y

Phase (deg)

Phase (deg)
g

Magnitude (dB)

-1440}

-4320

.

-5760

*exp.

BEM

-7200

o

Freauency (Hz)

from u to z

1 U
BN
o
>
(=]

.

-5760

*exp.

BEM

8

Fig. 3.1: Frequency response and BEM

14

Frequency (Hz)

from u to y



3.2 fBHFETI

PAFIZENTE TV &R . SEXH 4] Z 0 ICRHRR 2 2SR 2MA 7. K 320D&5(C
IKFER DI DZEFNT AT E HIAIZ—RRTH D &REL, BATEHMOBEBEZ BE L 72 Z IRt DKKE
BB OEHEEZS. BE, X 3.2 DF T IVILHIEZEMATH 5 KE 192mm, K EH 154mm, 5
a=100mm, #lE b=160mm, B4 A5 71y 7 £ TOHE c=360mm HELZHDTH 5.

KM DACEAAEIZ o ll, ShE LRSI 2 iz &0, KoL, Kii LIFMEE 5. 2=0,L O
MEIZEEOBENZREINT VWD LTS, KX » = —H OEME, K B —H+H Oz ET
5. ¢ AADORE Ly, z HADOES Hy, DKFERP M, KPIZREINTWE LTS, =720, KFE
WO RO 2 BEEED 2 = 2, o IR ZNEN 2 = 21, 10 THEAOND LTS, £72, EHOKFE
MOXERE ST A HelE A, AR w OERBEREZ175 302 U, HRIOAKEHIFFHFILELTWS &9 5.

TR EE) % JEREVE - JEEME - WL e ET B L, MERT VY vIL &(x, 2, t) BIFEL, FEOK
2t IZBWTIRADE D 32D,

0’ 90

KERN A TE DL T2 L, HHREIZEWTIRAH D LD,

0*d o 0P

g WXEIMEE o 1ZT3VF k2 EET5-ODERTHS. AL TIEa=0120TH0H,Z
DIEIFRERDEDEZDF FHEALTWD. B U,a=0 LIEBRICEMEIMNT 21T &, (2, 2) & T DL
KRG DIE E AHUEBOHPA TR K 5. T OFGR, MBEBUSERIL (3.9) OAIHHIZ0 A 180 D —
DALY, EEREFRIZR SN XS RAHOERN L ZEBETHI N TERN. /2, TX
VX —HRZEZR LR\, HRFEBIZBII2 =271 Uil ke b, a ZIEHE B I
L0, EEERIGECHERENE O NS, 72, BIRAEBIIBTE—271 VKL< 5. Kl
DJETH, B L OBER TIE, IR D 32D,

0P

5 = 0 (z=—-H,o<L;) (z=—-H,x>1Ls) (2=-H,L1 <z <Lo) (3.3)
P
(;7 = 0 (.’E =0, L) (l’ =L1,z< —Hl) (.’E =19,z < —Hl) (34)
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72720, KERDFRE S OHENE, AERMEIZH TS« HAEREICGEZ 5 ewe L, Gl
KRR & RIBRIZIRD & S ITET 5.

00

o 0 (2 € [z2p, 2p + Hpl, 0 = ap1, 2p1 + Lp) (3.5)

VAT LADEBEEINE, TROBIKENE D D R CIRE X B 72156 O /KIE O E N R E) 2 S
95720, FAMNIEERZNEL CEHERT VY LEIRD LS 125K,

®(z, z,t) = Re{p(z, )’} (3.6)

£7z, GLE 2z 2B BKED 2 HRZEALD EXBHRE R

n(z,t) = Re{Be“!} (3.7)

EIRETS. 72720 BIZRHOBEERTHS. ZOL EKHEIZBWTIRAD KD D,

od dn 0o . 1 0¢
— =— & L =jwB& B=—-" :
0z dt < 8, ¥ < jw 0z (3:8)

EoT, KERD 2 BIAZELP S, fiE BT EKED 2 FIAZEAL £ TORFEEBICEREZ G(r, jw)
CEETDHE, TNEFRARTEZSNS.
Bewt 1 9¢(x,0)

G(z,jw) = ey (3.9)

V77V y Ay, TI7—k VY ORENELZINTN v =2 paer ETDHE, AT 7 F 2
I—=Zp50 77 b AT X TORABBICERE Gyy(jw), MLHT 7 F 22— o7 -k
Y £ TORBEINERE Gow(jw) &, Gz, jw) ZHWTZENTNIRANTEZ 5N 5.

Gyw(jw) = G(zpef, jw), (3.10)

sz(jw) = G(IEerr,jW) (311)

F7, EREEVPLEARNBTHLZ o, HIHHT 7 Faz—2020 V77 VAU YETOHR
WBUSEBE G (o), BT 2 F 2T =& H 5T 55—k V¥ £ TORMBEBUNERK G . (jw) b Ak

16



2, Glo,jw) BAVTERERRATER SN 5.

Gyu(jw) = G(L-— Tpofs JW),

qu(jw) = G(L—xerr,jw)

(3.12)

(3.13)

Ko TUMETI, i 4 DOMBEURERE Kk 2700z, 220 Mk s 2 L 2 E X D.
X (3.6) R (3.1) (3.5) ITRAL, BIE e 2WET 2L, EHRE oz, 2) BXRE WL L%

CTRARS RN,

¢
0z
¢
ox
0o
0z

99
ox
99
0z

0

0

¢ 0% _
or2 022
) 0
(2 + juwa)p+ 990 =0 (2=0)

(Z:—H,$<L1) (Z:—H,£B>L2) (Z:—Hl,l'E[Ll,LQ])

(.Z:O,L) (xZLl,LQ,ZG [—H,—Hl])

(z € [zp2, Tp2 + Ly, 2 = 2p, 2p + Hp)

= jwA

= 0 (z€lzpzp+ Hpl,x = ap1,2p1 + Ly, Tp2, 2p2 + L),

(z € [zp1, Tp1 + Ly, 2 = 2p, 2p + Hp)

(3.14)

(3.15)

(3.16)
(3.17)

(3.18)

(3.19)

(3.20)

R (3.6) DESITIEKEIREMELRE L2 812k oT, KEIZB T 2EHRLME R (3.2) R (3.15)
DEIITHL t ITREFE LU L 5720, HEEEZ2RHEETICEARBISE 2 EHERDD Z LN TE .
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Fig. 3.2: The water tank model for analysis




3.3 ERERZE

Kz Tay 7 %2REL T & & DOKEDFKRBUGE & LR BEZ BRI Lo TRDE Z I3 L
V. Z T, ARSI R ERIE A O CTRIERTINIC 70y & & R E U 7 K O I BUGE & R,
FERENZ YRR TH B I e 2R & &g, B ERE L EBRIAD KR Z1T 5 . BRI A BUGE
& O TR BRI K B BUAGH & KR 2 %G T 2 Z L A HIN . UBER SRR & 2 BEG T3
DY EMEET 5. A NICEREREOFEMIZOWTRYT. M33 ICERABERIEDOETIVERT. LR
WEIZEDET, NIA—RERDESIZEL: L =088, H=0.19, z,; = 0.15, x5 = 0.67, L, = 0.06,
zp = 0.15, H, = 0.005. HE8DNLS EHY D DACEALE Ly = 0.36, DI T O DKFALE Ly = 0.52, 1T
MO EE Hy =01&9 5. BRERE LT EEHR (EMRERT, TRIZHREEL, EHRERNOBEK
flilZ—E) ZHV, ZTORIFTRTOERZLET Ay :=0.005 &T5. ZD-OKEIL, EBREED
0.192 & 0.19 1Z3EMT 5. £7z, KERDE S HEBREED 3mm % 5mm (ZELT 5. KEDKF-T;
MOBEFENENE N = L/Ag =176, SREHRIDOBEZNEE%E Ny = H/Ag =38, 70y 73D

B % Ny = 20 AKEHRDOAKEFRDOERSEE Np = Lp/Ag =12 £ §5. 7= BEFRHIZ
a=01&795.

PIFTlE, —E%EREZHWTHHROREZ @ — R AR TIELT 5 FHZ /RS, BEHFEREDOFIH
I SE R [4) OFIEZ W7z, DBETIIRROAZRT. 777 ZAHEA (3.14) OffE, BERBES S
MAZME TSI EVMONTVWDS. $a05, MO I, Iy, I's 22N TN 3.2 DRHIOME (2
5 E, BARAEDM (z,2) e T ITEWTIRAME D LD,

o(z,2) = i/r{<log i) 8¢§; n) — (&, ) <log 1) } ds (3.21)

ZZT, =114+ T5,7:=/(E—2)2+ (n—2)2 T, (&,n) € T IIESRE LOEETHD. B
Ag D—EBEFREFANTERE2DET L L, Ty, T3 DERSERIIZNZN N, :=2(Np+Ng+Npyy) =
468, No := 2N, + 2 =26, N3 := 2N, +2 =26 &7 0, ®EFERLL N =520 £4d. FEROH
MEBREZOMBICLE O, HHOBIEE (1;,2) £ 35&, X (3.21) 1RO & 5 IEEHIEEUE
ns.

a : 1 [ 0 1
- Z {h§j¢j +gz'j¢j}, h;j = — / n <1 g) gij = / log —ds (3.22)
j=1

Tij

N | =
S
&
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EELU, 65 6 BENEN, j BHO EEE O LB5 ¢ O, ZOERHAMARETH
5. Tij éi, zﬁﬁ@*i%?ﬁélk\b‘%ﬁﬁﬁ (azi,zi) <\f_, Cj J:O)F;[éf?{ (5,77) S Cj FEﬁ@EE%ﬁVC, Tij =

\/(f—l'i)g + (77—21')2 T%é iZj @i%é\, 47?*;& hg 9ij 531(9(0341 50:526“6

YR

L; 2
hig =0, gii = 2*7: (1 + log L~) (3.23)
(2

=10, L 3—EEHZC, DEITHL. —H, i#j OGE, HUAD3SEESAR

S

1 5 5 8 5 3 3
/_1 f(f)df ~ kgl’wkf(fk), w1 = §, wo = §, 3 = 5, 51 = —\/;, 52 = 0, 63 = \/; (324)

ZRWS & RE R

K

gij DIELMEPRD XS IZ5EA S50 5.

dijLj S wy, Lj & 1
B — % JZ ) ( 1 ) 3.25
4 S r3.’ 95 = 4 ;::1 k108 Tik (3:25)

TIZTrpld, i HHOHIK (25, 2) &, 3RBEPARNIZEY C; LIZED SN 3 5L (wk, 2)(k = 1,2,3)
DERHEET,

L L, .
T = \/(a:k —zi)? 4 (zx — )%, wp =z + 7] cos(9;) - &k, 2z =z + ?J sin(;) - & (3.26)

ThB. LEL, 0; 1%, C; BEEN s M RTATHS. dj 1, C; BHFEMBEMIH LT, Hi M,

MO RNAURLEMDES T, dij = (vj — x;)sind; — (z; — ;) cos; THS.
T T
7q=[m bo - oy | &BLE, A (3.22) BRDKSIZEIT L.

“:{éﬁl 2 0 ON

ITu = =¢q (3.27)

7L, =3I -1 T, I, EZNTh, (i,j) BRD hj;, gy THERONBESTITHS. RV
ML g BRDES 1252505,

T
T

qT = O(TNL+NH+2NH1)x1 qr O%Hxl :0 ijlj]\}Px1 0 —ju)Al%P><1 :0%}1+NP)X1 (3.28)

WA T SN =DDEA I LD S, KIEDOREM, E{D TV —1, ATV — b DRI
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J6T 5. Onxt, loxt EZTNTN, n 4T 1 HITEENTRTO E2IE 1 ORI MVTHDB. g, FKIED
B B 2R MRS 2280 T, R BRERMAZ MLTHD. R (3.15) £, ¢ Hu
D ZEHWTIRATEA SN S.
w2
qs:?u(NL—I—QNHl—I-l:NL—FNH—I—NL,l) (3.29)
72720, u(n:m,1) (n<m) &, FIRZ bV uDSI3EEn fTROEmTETEWMOH LT ML
2HRT. X (327 IZBWVWT, u DA ELELIIBIHT 2 L IRXE2155.

w2
(H—gE(:,NL+NH+1:NL—|—NH+NL) U

0

—_ jWAleX].
::(:,Q(NL—{—NH)—Fl:Q(NL—}—NH)—{—Q(l—}—Np)) (3.30)

0

L _ij]-NpX]. i

772U, EGbn:m) (n<m) &, A EDSEE n FPSHEm HETERO B LT E2ET. &
REn o, ERLLOFHERMNOTHIOHITH Z 22T UL, u BKRED, IRWTHX (3.29) 1TXD ¢4 B
KE 5.
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Fig. 3.3: Numerical model for boundary element method

3.4 KEICKZEIN—TZRORRBIGEDZEI

70y xR E LR WML A O LIRERBIE AR Lo TRkOoN S, KENEZT LHEX
DR EFL, BROBES T, P RUNMRIECTH » , HIBEORE 2 BT 2 LIRET . RICET V%
FREU GG, WOERRERE Cp 13X (3.31) &85, 727FaT—RIZWOMIF7Z7 27 V)L ORDIEIX
(=288mm) TKIEDIFLIFIFEHEL W20, TRAFOWIIIHE L 2TCOKIELEZZ B L LT 5.

Cp =/ 5—tanh — (3.31)

ns.

fn = 51/ = tanh — (3.32)

n AT DIRE L IZKFEDRE /DRI ZRLTWVWS.
7 3.1 1ZKEDY 192mm, 162mm, 132mm O 7 1y 7 % R E U 72 WK O R E A2 X 3.32 12 &> T

R U723 DE R KEDPE S 225 1 EHIREFRBUME T L TW 2 e dbh b,
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Table 3.1: Resonance frequency by height of water surface (Calculation)

Height of water surface (mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance(Hz)
192 0.726 1.24 1.6
162 0.68 1.21 1.58
132 0.624 1.14 1.54

Ty & EE L T KE O IR EBUNE & R B 72, £ 72, KD E X K BKEDRIN— T RDJE
BBUCEZRGT 27201270 v 7 2 3%E U\ RO KE TR BUNERE 217 - 72, FBEM 2%
3.2 12”7, A% 192mm,162mm,132mm & 30mm 3§ 2k 5 U CHEBIGE 2 IE L7z, 21 ETH b
N7z B Y KL/ AKERIEZ 0.875 2B A 5 & KRB KEKBROVBEETIVER LS. TOEEZBAR
Wk, HERE 0.8 I2h b, KEMDE X 1F 154,130,105mm & % E U 7=,

Table 3.2: Experimental condition to research effect of water-surface height
192 | 162 | 132

154 | 130 | 105

Height of water surface (mm)

Height of plate (mm)

SRR A 3.4 R T. FRIC X 0 B RRIHC B B RIS S O LR B R £ 3.3 I0RT.
BEBRIC & B IIRE BT 4 D O FEEUEERE DR A DS from w to 7 DF T 7 15 FHAM - 72
Bor IR 2. EBREEHIBRIC £ B AR L BIEEUL, T FLOBAMAIN TS L 52 5.

Table 3.3: Resonance frequency by height of water surface (Experiment)

Height of water surface (mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance(Hz)
192 0.724 1.24 1.58
162 0.676 1.2 1.55
132 0.624 1.14 1.51

23




Magnitude (dB)

Phase (deg)
s
g8

-5760

g

Magnitude (dB)

Phase (deg)
Ao
g &

-5760
-7200

water surface 192mm plate 154mm |-

water surface 162mm plate 130mm
water surface 132mm plate 105mm

10°
Freauency (Hz)

from w to z

water surface 192mm plate 154mm

water surface 162mm,plate 130mm

water surface 132mm,plate 109mm

10

Freauency (Hz)

from w to y

Phase (deg)

Phase (deg)

Magnitude (dB)

-1440
-2880
-4320
-5760
-7200

1 U
BN
o
>
o

-5760

8

water surface 162mm plate 130mm
water surface 132mm plate 105mm

water surface 192mm plate 194mm

10°
Freauency (Hz)

from u to z

water surface 162mm plate 130mm

water surface 192mm plate 1594mm

water surface 132mm,plate 109mm

10°
Frequency (Hz)

from u to y

Fig. 3.4: Frequency response with various water level
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3.5 70v7IC&BHEIRARBDEIL

ARHITIZFK 2.2 D case IZDOWTHPRBUCE ZHIEL, BEHURR2RT.
35278y 7DEE a% 50mm DO E-RORRBNE 2 RT. MOBERIET 7oy 723
i U 72 W IKEE D JE R E casel, 70y 7 DESIZ K 2EW%E LIKT 572012 case2 % 7ifk, cased % 5
it cased ZRFAR TR L TWAD. M35 DEFME ZOMOMOILKL D 7oy 27HD - ELOLITIE, 7
0y 27 H 0 DIE D DEBEISE DB AICHR ST 2MEAR D 5. £, 53 22T 72k, &, %D
RO & 71w 7 &< 725 L IIRAFEEAMEL R 2 EAD D 5.
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Fig. 3.5: Frequency response with various block height



3.61271y 7 OFiEDb % 50mm D DOZYLI B NOERBIEE 2 RS, MOEFRIET Ty 7 2%
i U 72 WK O I BUSE casel,.00 70w 27 DIRIZ & 238\ % 3 % 72012 caseb % 7 fi,case6 & 2
fi,case? ZAFARTRLT VS, HBIDOELLFAU L, Hite T DML OLIZE Y, 7ay 76D - &
LTI, 70y 2780 DIE> HBHRAEBAMKL 2 5. FMOLBIZE Y 70y 7 OMIENEL 5L 7
Oy 7 OEE & ARICIRBFEEPE T T 2N H 2 2 L Bbnd. K3.6 DKT T 7 TIE, HO 1
ARSI 0.72Hz fAETHR 2 Z 2R TE DD, ZDOMOFRTIERE S,
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Fig. 3.6: Frequendy response with various block width
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3.7 78y 7 DAE c 2EAIEZNORBEEIE Z/RT. HIEDS case2, FRARAD case8, HARA
cased ZR LT\, TNTH, KIEDEEE BE 2 /KEE Hub O L, AKIEHDMZ 7 a7 2 3GE U 725k
e mUTW5b. fiEIC & 220Id 70y 7 O, &S D26 & L Ty, 3.7 D& & ik d
Y, 78y 7 PHMIED IFE 1 IRILREFEHIMEL 2 Z e hibnb.

ARG & HRD FIEIZE DAY, K DR Z MRS 535612 DWW THREREICHE D SRR 7 a v
7 DRI U TR RS 2 ABROFE R |G T T D [8].
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K34 FET a, K 3.7 I3BAE b, £ 3.10 13HEHE c 2 TN ENEF U 72 & & O RFPBUNE 1T X 2 IR K
HaRT. RIRAEBEw 25 : D77 70 5MR U, R35I1EES a, & 3.8 [3HIE b, & 3.11 1XHE
ez TN ETNEEL 72 EOHERERIRIT X 2 HIRFEBOFHRIEZRT. £3.61FET a, 3.9
FElE b, % 3.12 IXHEHc 2 T NZTNEH L2 L SOMHNEETHS. M38IZTHY 7DE X a 22X
B7zHE, X 3.912 71y 7 OflE b 22 X872, K 3.10 1278y 7 OL#E ¢ 22X B 72HF0 4 it
WEAKEBETO B Y bERT. 72720 =8, 1 HRE RS R RSO NRME 0.5H & WK< 22572
BEMWH Y, TNERRINTWARW., HREAKED 0.5Hz % FEl > 72 Z &IFBERERIEIC L 2 BUEE
RIZEDRINTVWD, BHOEFEMDPARBUNEIEIZ L DD D, AR R AR BUZ X 55 REZ R L
TWa. JERBUSEHIE & B EFRIRIT & 2 HRE BRI GRS 3% AN T —E L 7. FEBRfH & B 2
FIEO SRR OMEILEMT 25 Z & 2R, IS ORER X 0 FRBUNE OFZBRIEIZZ Y 2 ETH B

EWVWZ B,

Table 3.4: Resonance frequency (Experiment by change of height)

a(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.723 1.24 1.58 1.82
50 0.676 1.23 1.57 1.8
100 0.603 1.2 1.54 1.78
150 No data 1.12 1.47 1.7

Table 3.5: Resonance frequency (BEM by change of height)

a(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.715 1.24 1.58 1.82
50 0.676 1.23 1.58 1.8
100 0.589 1.2 1.55 1.8
150 0.445 1.1 1.48 1.7

Table 3.6: Relative error of experiment and BEM (Height)

Ist resonance (%) | 2nd resonance (%) | 3rd resonance (%) | 4th resonance (%)
-1.11 0 0 0
0 0 0.64 0
-2.32 0 0.65 1.12
No data -1.79 0.68 0
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(Hz)

frequency

21 +fl (exp)
1. 84 _.__,ﬂ:f::ﬁ,_é\§\$§\jé — x — fl (bem)d
16 - -—{%—fZ (exp]]

- o- f2 (bem

L.4r —ﬁH—fé (exp]]
1. ® _ — % — f3 (bem)
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0. sl — A— f4 (bem_
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0 0.05 0.1 0.15 0.2 0.25
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Fig. 3.8: Resonance frequency due to block height

Table 3.7: Resonance frequency (Experiment by change of width)

b(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.723 1.24 1.58 1.82
50 No data 1.22 1.45 1.76
100 No data 1.17 1.45 1.7
150 No data 1.09 1.46 1.68

Table 3.8: Resonance frequency (BEM by change of width)

b(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.715 1.24 1.58 1.82
50 0.48 1.22 1.46 1.78
100 0.435 1.16 1.46 1.72
150 0.405 1.07 1.45 1.66
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Table 3.9: Relative error of experiment and BEM (Width)

1st resonance (%) | 2nd resonance (%) | 3rd resonance (%) | 4th resonance (%)
1.11 0 0 0
No data 0 -0.69 -1.14
No data 0.85 -0.69 -1.18
No data 1.83 0.68 1.19
. (exp)]
1. . (bem)
1. 2 (e¥P)
- 5 (bem
T 1. ]
= , (exp
§11. 3 (bem)]
d) . (exp N
g' il b
0 0.8} Sty (bem)
0.6F ~~_ i
~ - _ _
0.4f ST T 1
0.2} i
0 0.05 0.1 0.15 0.2 0.25

block width

(m)

Fig. 3.9: Resonance frequency due to block width

Table 3.10: Resonance frequency (Experiment by change of distance)

c(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.709 1.22 1.57 1.84
140 0.692 1.2 1.58 1.8
350 0.676 1.23 1.57 1.8
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Table 3.11: Resonance frequency (BEM by change of distance)

c¢(mm) | 1st resonance (Hz) | 2nd resonance (Hz) | 3rd resonance (Hz) | 4th resonance (Hz)
0 0.708 1.22 1.57 1.82
140 0.692 1.2 1.57 1.82
350 0.676 1.23 1.58 1.8

Table 3.12: Relative error of experiment and BEM (distance)

1st resonance (%) | 2nd resonance (%) | 3rd resonance (%) | 4th resonance (%)
0.14 0 0 -0.55
0 0 -0.63 1.09
0 0 -0.64 0
27 —— fl (exp ]
]_.SA?**\@F_— —aA — x — fl (bem).
—o— 1T ex
1.6 . o (expl]
- — o- f2 (bem
T 1.4F i
- —ﬁH—fé (exp
e— 5 0 i
§11.2 — % — f3 (bem
g 1t —ﬁg—-f4 (exp)-
o' _ A
o 0.8l A f4 (bem_
“
w
0.6 ]
0.4 i
0.2} i
0 0.1 0.2 0.3 0.4 0.5 0.6

block position

(m)

Fig. 3.10: Resonance frequency due to distqnce from wall to block edge
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THY DS ERIEE L LT L & HRBIEBAME < 722 28511, KD KA 2K LTWo7z
& EITHIRAFEBAMEL I 2 FER @I —3T 5. 3.4 HID7IKAIZ L BBV — TRDINEDEA"IZ
& 0 FEIE A O IR A DB (3.32) DAEBBEEICHATE S Z L 2FERIZL DR LA ZORE
D TN D SR BUIAKERN T2 LKL BB 2 e bbb, U7 ay 22 &% B L2 35K
MoMEzRYE, 70y 7 L KMOBGRERT.
31l dEmEan7ay 22 KEhNMIBRELZEBETIHTHS. 7oy 72 KEIZERET L L
4 3.11 OFPTIHRURTHAOHEKIE 7wy 712X D M I B 2L DTERWIEKTH S L BET
X5, ZOZ2ho, REOKMDKAMNIZ0.192 —a L FEZDIELNTES. 70y 7DES a DR
KOLIETDD, 202 e 7ay 7DEI 2 REL U SICHIREARBD TR 2Bz OND.
4 3.12 |3l b=0.88(m) D7 H Y 7 ZKMIZHREL 72 L BETLIHTHS. 70y 7 OklE % KD
BIEE CTRELTEEKMIX0192m DS THY Z7O@EI a %2520 EFEZ6NE. T 0y 7O
ZRELLTWK ZEIEM 312 DEMFITETTI TV I BEXBIENTES. TDRD, 7ay s
DORiIEZ KELTAHZ 3K EZ FIFRZ 8 2E UL HIRBEBDR TR 2EZ5N5.
313 1E7 8y 7 Z2REBICRRE L RO TH D, 70y 7 ZREEICERET 2 LK IZEEDE T <
BolZeEzONS. Ty 7OMNEOE{IZTOY 7OEIPREEZ KE Lz EDDLSIZ
IKREDZEALT 2 L HEIETERV. ZDD, Tay 7OMREEZ -2 & L0 FRBUISE OZ(L23
WeEzohd, M 1 IRERARBD 70y 72 FuiMGED A KT L0311 0 k5271 Yy
JHRBETDIEICIDELS I LD TERVRMARPEERIZ 70y 7 2B B L2 E L0268
EZohb.
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Fig. 3.11: Image of the water tank with the block, height = 2a
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Fig. 3.12: Image of the water tank with the block, b=0.88(m)
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Fig. 3.13: Image of the water tank with the block , ¢ = 0(m)
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BAF  HELENHIFIEERE & =ER

4.1 E2R%E

FTT70Y I EZELRNEK 2.2 D case 1 1IZX LT, Hy Gl W THELIIGIHIR 254515 5.
AHEROHWIL, LT 7 F 22— XDWH Lz eI —ko ¥ » ATl NG %, I
TOFarL—RefELTCTELRZIT/NSLMHTEILTHS.

BRI 2T D 72017, B 2.1 D [wul' 226 2y FTOARNI AT LE TSV MeFEZX, Thvk
G(s) &£T. BN (4.1) 2 5.

Gzw(s)  Gzuls)
Gyu(s) Gyu(s)
PN — TRDREVERRIES B 72012, 74— RNy 20— T 2R 222 Gyu(s) DET IV
LAz BE® 5.

G(s) Mk T 2 4 DDIEFEBBD S B, D & Gy DETIMERE R B ZDREDDHD. TDT

G(s) := (4.1)

O, HET 2 F 2T —XDBEES w13V 77 LAYy O EFICHEERIC L > TEREINS.
LTI, INERHEBIE TV A2 VT Gy 2RO K S ITKT .

Gyu(s) = Gyu(s) + W (s)d(s) (4.2)

K21FETNMELED, M41DEDITREINS.
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Fig. 4.1: Closed-loop system

G I EFEBRAR7ZRBOSE 25T 5 IF V7TV N, W IRINEREENZN T 2EAT, X 4.3
DHREED XSITRNTED .

w3(s? + 261w1s +wi) Wi

W(s) =0.09
(5) w?(s2 + 26was + w3) (s + ws)?

w1 =27 x0.68, £ =0.6, wo =27 x 2, & =0.5, w3 =271 x4

K(s) (3R HOMIESRTH S, KX T, IROFM2HET D L DI1T K(s) 2G5,
(1) BV — T RITMERED §(s) 123 L THEZ E
(i) |Wp(8)Tow(s)|leo DiEIINE 72D

Tow(s) & w 6 2 £FTOMN—TROMEZERBET, Wp(s) i, EEERBIZOGHEIEREZ BIFIZT 57
ODEAEKTH 5.
wp

Wp(s) = st op’ wp =21 x 1

INTA VLY, LEOBRGHEIIN 4.2 DERAT -V D& N HEMEICRETES
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Fig. 4.2: Robust performance problem with scaling

MATLAB @ hinfsyn B#&H W T, IROEMAYTr —) v 7~ E Hy HIHMEZ # S HiEds 2 R
Pz ROEMEEREL, POIER v 2RMET 2 HiER K(s) 2Rkd K. (1) K 4.2 OBV — TRHN
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Fig. 4.9: Time responses for sinusodidal excitation (1st resonance)
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Fig. 4.11: Time responses for sinusodidal excitation (2nd resonance)
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Fig. 4.12: FFT analysis of z in Fig4.17
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Fig. 4.13: Time responses for sinusodidal excitation (3rd resonance)
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Fig. 4.14: FFT analysis of z in Fig4.19
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Fig. 4.19: Time responses for sinusodidal excitation (3rd resonance)
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Fig. 4.20: FFT analysis of z in Fig4.19
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Fig. 4.21: Time response for wide range excitation without control(casel)
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Fig. 4.22: Time response for wide range excitation with control(casel)
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Fig. 4.23: FFT analysis of z(casel)
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Fig. 4.24: Time response for wide range excitation without control(case3)
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Fig. 4.25: Time response for wide range excitation with control(case3)
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