K 30 AR
MBI KT KFEb
TR BT Gw

IRENFEBEE Wz 32V F — [} &
AT & D IREAR RIS O il 4]

Control of vibration amplitude by generation and regeneration

of energy using vibration energy harvester

EMFMRIZE KT K¥ERE TEER
PEMRNE T E I 15301385

HAKH fH Tz
RS AE INK 3R T5 HEBR

ERG31IHE2H1H



Abstract
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No. 15301385

INADA  CHIKASHI

Department of Mechanical Engineering
Nagaoka University of Technology

Recently, energy harvesting technology has attracted much attention to solve energy problems.
The technology is to recover energy from vibration, light, or heat sources, etc., converting it into
electric power. By adopting it as a power supply for sensors and transmitters, self-powered comertial
products have been realized for purpose of, e.g., remote sensing of environment without external power
supply. Vibration-powered generator is a technology for converting vibration energy into electric
power. In previous study, research is under way to apply vibration-powered generation mechanism to
dumping vibration, but the purpose is to make the vibration amplitude to zero, and few studies aimed
at maintaining constant non-zero amplitude. As a system with demand to keep constant non-zero
amplitude, that is thermoacoustic power generation that generates electricity using thermoacoustic
self oscillation phenomenon. This phenomenon can effectively utilize waste heat energy. However,
self-oscillation may be stopped when the temperature and load of the heat source are greatly varied,

and a mechanism for maintaining the pressure amplitude for stable energy use is practically necessary.



Therefore, to maintain the vibration amplitude of the vibrating body constant for vibration power
generation, a feedback control system of a load that dynamically changes the load resistance connected
to the vibration generator has been proposed. In the control system using the output of the PI
controller driven by the deviation between the vibration amplitude of the vibrating body and the
target value as the command value of the load resistance, the maximum amplitude which is achieved
when the load resistance is 0 (short circuit) The amplitude of the vibrating body can be controlled
to any desired value between the maximum amplitude and the minimum amplitude which is achieved
when the load resistance is oo (open). However, the maximum amplitude depends on the amplitude
of the vibration source. Even if it is short amount of time, the amplitude of the vibrating body can
not be controlled to a large target value beyond the constraints imposed by the vibration source.

In this study, it is a final object to realize a control system that maintains the amplitude of vibrating
body at the desired target value regardless of the amplitude of vibration source by recovering and
storing energy when the amplitude of vibration source is large, and putting stored energy on the
system when the amplitude of vibration source is small for exceeding temporarity the constant of
vibration source. In this paper, we first simulate energy recovery and input by connecting an AC power
supply to a vibration generator, propose control system using the output of PI controller driven by the
deviation between the vibration amplitude and the target value as time-varying gain for generating
the terminal voltage of the vibration generator from the drivesignal of vibration source. Experiment
shows the effectiveness of this control system from the result that the positive and negative of the
time-varying gain respectively correspond to the energy recovery from the vibration generator to the
external power supply and the energy input from the external power supply.

Next, to construct a practical system. We consider a system that uses energy recovery by charging
the capacitor. To dynamically change the charging current of capacitor, we propose steady-state
oscillation control system. The output of PI controller driven by the deviation between amplitude of
the vibrating body and its target value is set as a command value to the variable resistor connected
in series to the capacitor. Experiment shows the effectiveness of control system. In experiment, it is
tend to while the capacitor is full charged, vibration amplitude of the vibrating body approaching the

target value and settle at the target value after approaching.
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Table 2.1: Experimental instruments

pPC Dell Dimension 2400(RTLinux-3.2pre3)
A/D Contec, AD12-16(PCI), 12bit, 10us
PIO Contec, PIO-32/32T(PCI), 32bit, 200ns
Distubance Orientalmotor, EZC4D005M-A,
Actuator Thrust 70N, Speed(max) 600mm/s
Driver Orientalmotor, ESMC-C2
Laser NEC, GLG5230
PSD Hamamatsu Photonics, S3931
PSD Cicuit Hamamatsu Photonics, C3683-01
Vibration Star Micronics, EH12,
generator 37x25x8mm, 5.39Hz(resonance)

Vo7 E—RIFIATYE VT E—RTHEBEINTED, MERDDHHEEEIX 0.0l mm THS.
E— X CIRERIZBIEANARZ 3 OHWTERINTE D, BREBRIIEIEROTIZEEAAL LS 120 TH
DTSN TWS (Fig. 2.3).

V=7

Fig. 2.3: Structure of vibrating body and generator
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IRENMA, FAERE, WAAMKPSONMEE, TNENTig 2.4-2.6 \TRT. FKERIIA X —REE (R
B EZEmy=121g) DEDZMEHALTH Y, BEAEDOEANIHEDOWT, WHOEAVIREITSZ &
TaANEOHNEINZEVRETS (L—E VY - v Z %y M), REIKIZZOEERBEDFEEED
ZUIEIE T B LD ICEHEm = 332.5g IS TWS., £z, NREHIE—D ky = 0.13N/mm
DHDEHAW., AEAMEP#IE, PC (#¥Y 3Y) 25 PIO (Parallel Input/Output) R— K% L
T8EY bDT 1 YV RIEF (0~255 DIESE) T, #7400 Q~38 kQ D2 E/LTE 5 I LR TE 5.
HPUE D E L AP BRIC D 5. IREADIREIAIE I L — Y —£0E 2 HWTsh, L—¥—k%
BECHEIMXE5Z L2k b, PSD (Position Sensitive Detector) THith U7-EEFH %2 A/D Z#L T
PCIZHU DAL Z & TIRBIZAL ZH TV 5.

Fig. 2.4: Vibrating body
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Fig. 2.5: Vibration generator

Fig. 2.6: Variable load resistance circuit
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2.1.1 BFEKo~v=a2 7R

EHUED v = 2 TV & U 72 BEOIREA DIRENIRIE DFERIZOWTIHARD ., =2 TIOVIHREL 7B
DHEHE & HEBA D IRBNHRIE 0 % 1722 BRI DWW T Fig. 2.7 127, 2 OEBRICMHA U - I8 Hk
DHENR T DMOFEERE B b7, V=7 E— X OMIREMEEIL5.24Hz & LT3, 7z, IRIRIE
120.02mm & U7z, KZ2R 2L, R=0 (GHEER) [SEWIZEIRBREIEREL<S< AR, #IZR =00 (H
JBURE) 1T E EIREIRIE /NS < 25 Z e b2 5. JEEEEE O 1 VICER?EN, BRAREEH
FBENEDO Y ACFHEET 5720, YAKZEHIETE2LERXONS. ZOME, REMKDIRE T 3L
F—l@3EINE NS, IREREIIRE <05, i, BRRHTIELRNREREITR <, IREROIRE) < x )L
F—DREBANLO Y ZZBINEND Z & &0, RN <ARd. LadsT, ZoHHOHAR
LR 2ETIE, ITEORIIRIENETTE 5 LiffIhd.

0.8

o
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Voltage Amplitude [V]
o
D

02 4
\\6.5—
T T o= - O = mm—e— oL
i | | | ‘
0 1 2 > * ;
Resistance [Q] x 10°

Fig. 2.7: Relation between resistance and voltage amplitude
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2.1.2 TEERIRGEROEK

Fig. 2.8 IZHIERD 70y 28 ERT. vy(t) FIRBADERL 21 (1) (BT 2728, TREMADZE
IR % BRI IS B0 012, vi(t) ORIEE BEME Vi kT 2 2 8 282 5. vi(t) &M
B 0 —SAT 4 V& (B y A7 FIEEE wp = 0.25 rad/s) 128U CEHALL 7248, R /2 %
FLBZ L THERIE VI(t) 2155, HEEME V 025 % PLEIHCANL, PIHEBROL %
BB B U CIERICE ML, Tha A SR04 8 Re(t) & LCHET 3.

U(f/’ _Vl*

pult) (¢ Plcont.*——ﬂT+————-
/E/ ’ w(t)

¥

»0 | S

-
v

LPF

v1(t)

Fig. 2.8: Block diagram of experimental apparatus
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AREN TR 7 HLE & FIER Z2 AW CIRBIAR DR 2 HEHE—E & 9 2 G EBR 217 o 72881 ICO v
TR %, SCHR [5] Tl PLAHERR O LLHI T 1 > R0 7 1 B U CHISR DL RE & 75 5 5t % FEBRIY
WHRZ LBz, 2B LU 4 RIREIRE T IV D W T LRESRM ZHRINIZER L TWS., 205
LAHITE, B - B B B HIHR O E S R RIS HHE U 72ROV TR B,

V=T E—ROBENGE wt) 252505 ) =7 € — X OHHRIRIEIE 0.04mm, HIHREFREIL 5.16Hz
Thd. V=T E—XORB %A L -, IREKOIRENAEFIRBIZZR S £ TR S RIS L7 &
t=0THlEZBKBT 5. £72, RIEOHEEIX0.8V & LTWa. ZERKERO—Hl% Fig. 2.9 1R
F-ZOBAED 1 M OILKKZ Fig. 2.10 12387 . RLERER%Z Fig. 2.11 1279, ARRIIREHAD
AL, FAIIIRBA ORI, FIETERAANDREZ 50 0D 1ICUTERRLEZBD, FOMR
BIRIEHEEEZ R L2 DTH 5.
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Fig. 2.10: Time response of Kp0, K4 (Enlarged view)
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Fig. 2.9 & v, HIfFALAE, Fr8 OIRBIHRIEIC 2% & 5 ICHFUEA HEFRE S 1, 130 AHE TIRER
MER—EIZEBLENT WD I ebNb. X512, Fig 210 DHERME D, REO K S X ZHEMTH
%508V TR LTWBZ A bbb, —HTFig. 2.11 O X D ICARLERMERTIE, IRIETHEMEMT
THREIL, HHiEsRE Uit 2.

Fig. 212 IZLELM 2 A U R E2 57T, HA t=290~300s 1235 1F 2B Vi(t) — Vi D Ly
JOVIIR 0.1 R L 2R o =BG R RE, TN ERLE LHE L. BOWHr 1 > Kp, #itlio
BT A v K UC, RERMRENE S NBE A, RLERMRNG S N5 G 13NV A
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Fig. 2.12: Closed-loop stability with experiment
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3.1 ZEREE
3.1.1 EBHEK

TRV — (AN & B A % SR PR AR TR U 72 B E ORI % Fig. 3.112, HE %2 MK 2 308
GOk Z XL D726 D% Table 3.1 1279 . HERKEX, 52 HITEH U 2 EBRIEE O rJ L B AMHEDT
&8 3V (PO) ICHRE N T 1 YRV )T F 1 ZEHE (D/A)(HEE vo(t)) TEEMA 25 DT,
AREMCTHBEINDIBHIINIWIEDRORT =T VT2 NI TITD/A B2 BEERIRERE LT
W5, MO w(t) ) =7 E—XOEREESTH 5.

YA (PC) DS /8T LIVAHS (PIO) A— K& RS N2A LT, EREOREES w(t)

w(t) = Xosinw,t, w, =27fp (3.1)

LDV =T E—RZREFEE UTHBEITS. 2IT Xo FREFEOHRIE, fo 3NMREAKRETH 5.
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Table 3.1: Experimental instruments

PC Dell Dimension 2400(RTLinux-3.2pre3)
A/D Contec, AD12-16(PCI)
D/A Contec, AD12-4(PCI)
(12bit, £ 5V, 10us)
PIO Contec, P10-32/32T(PCI), 32bit, 200ns

Disturbance Actuator

Orientalmotor, EZC4D005M-A
Thrust 70N, Speed(max) 600mm /s

Driver Orientalmotor, ESMC-C2

Laser NEC, GLC5230

PSD Hamamatsu Photonics, s3931
PSD  Cicuit Hamamatsu Photonics, C3683-01

Vibration generator

Star Micronics, EH12
37 x 25 x 8mm, 5.36Hz(resonance)

w(t)

’—' Driver

Vibration source ‘

— k, - | 50
Vibration body
Generator
Vo(?)
- m
> 2
PC 1D/A

A/D

PSD circuit

Fig. 3.1: Experimental apparatus
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3.1.2 TEBERIRGIEROERNK

AELETIHEROD, (i) IREVEOREE SR HARET, (i) IMFEFIZ L 2 T3V F - AT
BTHDLT5. (1)IT20WT, EHEIZEFEEENBAITH S Z LTI AL, RENEO HREE
BHIL, TNIIRBFEOEAIREEE BINGER I BELNH . (i) 122V, EMA LR, Kk
ROIRIEAK E W E ST RV F =L - 72217V, IREIFROIRIEA/NE < EAEE O MEREHY K #7285
B, RFELZZ AN —2FHT 2P B ETH 5.

HIER (X IRBAR DAL EIT v (1) OIRIEE BEME Vi ICHIET 22 2F R 5. ZO7HIT, R
BIZ DA HHES v(t) Z2EREL, V=7 E—XOEEIES w(t) Z2HWT v(t) %

vo(t) = G(t)w(t) (3.2)

LT D, TITGH) BRETFA Y Thd. £oT, REEDHMWIE, vi(t) DIRIELEELE Vi 12
W K71y Gt) #BASEEZLTHD. Gt) =0 OEAIFIREFREKO - IXEK ST,
Ui AP IC HEAR T oy (8) OIRIBIZKRE < 2B, X512, BIRTHRA7E 0 G FRICIiZ 85T 5 &
EHUEIZ G U IREA R O NS, — 1, Gt) ZIEE7IFAL LZBAHICED &S RIRESZR I NS 0
FHEBITIRZRW., 22T G(t) 2EME UTTFMERZITV, Gt) =0 DL ED v (t) DIRIEIZH LT,

G(t) BIED L FiZiZ vy (t) DIREIVNS K 2B
o G(t) DEAD & Z1ZI vy (t) DIREAKREL RS

EWHRER ARG, TRbLAREETIX, Gt) OIEAD, IREIFBEMITT 5= 321X - £ AL
MISTBEEZOND. 12720, ZOBIRIFERSM (IHRAME, I8 B OHRE) 7 FE 0 SL 4R A %
B ITHRIEL, G(t) DIEE 72 AV FICESRERIC LTI NV T —HhE 23R ADEL S — %
KT 2 LB R0D, ERFMEICEISTHRCLE Git) O EOHIRKITT RV F—DEIE A
DYIOZ 2 BRI D2 LFEAO6N5.

Fig. 3.2 ([ZHIBIRD 70w Z#XZ/RT. v(t) ORIEZ BEME Vi —ELT5X57 1Y Gt
LS E D EHBIREIERTH B, vi(t) ZMOHEERE n— 27 V& (By N4 7 MR
wr = 0.25 rad/s) 12U CEHLL 72, (R 7/2 2L 5 2 & CHEIRE V, 2155, BEM V; &
D#ES % PLEIRIZANL, TOHRNZOEDERNET 1Y Gt) £ UTHWS. EHFEIRHIHR X
BT VY Y OFIRGO TS IHRIE 2 FAZHE € & 3 5 7203k (6] TIRESNZH DT, £ I TRIE
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St B OHIESIZ PLEEGEDO LS, $abbFET A 2R UE 02 FIROHIIES L LTHW
TWa. 74 VYOIEADPFFIZE 2 THVF—#olk - ERIZISL, HHIT 1 > ERD 71 v 2@
RETNE, IMEDOENRIEAIERTE L I LARINT VS,

PI cont.
Vo (1) £ Wit
w(1) g
"I RO
> ‘ @ ‘ — L.PF E
vy (1) 2

Fig. 3.2: Block diagram of experimental apparatus
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3.1.3 IR

3EICTRIR T B FER AT o 721212, FRIZEIEE ETH TR X — DRI E & ADEHE T T W
57, ERIZK > THE»D 2. FEERIZHH LU ZREOMEE%Z Fig. 3.3 1IIRS. EHOME 2T 57
b, RimEI L IREFEEML L OFRICHEPIR = 1kQ 28k, GU) 21, FLEBAEO—EDMHEIZLEZE
X DRI D BIE vo(Z DEBRO I IZIRBIHOHIE Xo %512 vo(t) = G(t) sinwat 2 LTHAL
TW5) LIREFEEBMOET o) 24 81 X 32— 7 (Tektronix THS710) Zffi-> TEHAIL, HREMKDHIR
FNEFREBIIRL2ETHE LD IcA Y2 a—70lE 2Ry Lz, fiH% Fig. 3.4, Fig. 3.512
RY. Fig. 3.4 G(t) BTE (G(t) = 0.5) D& X, Fig. 3.5 G(t) B (G(t) = —0.5) DEED vy & v},
ZXNTHRLTWVD (v & v 13 EH S Bt —~< A2 05V T, ACAT—=ILTRDOLTWVS).

vg & v DIKIEIL Fig. 3.4, Fig. 3.5 ¥ 5DLATHIRIEFAMTH D I 30 hnd. v & o) D
IRIEDKE X Z2HARB & Fig. 34 Tld o) DIEFS P KEL, Fig. 3.5 Tl v DIEFIRKREL Lo T3,
U235 T, u(t) ODIREZR G) =00 E XD RELRD (G) VA & EFEHOMEIEPC Ml
SIEBI BRI, v (1) DBEA G =00 TL DN RD (G(t) HIE) & FIXEHOM X 13F
BFEREM D 5 PCHIANLZRY, v (t) DIRIBDK, /MIKIEL TTRVF — DA & AN 5L BRI
X0 TETVWDE Z LAbho Tz,

R

Vibration Vo v
0 0
generator

AC source

Fig. 3.3: Circuit setup
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Fig. 3.5: vg and v, at G(t) = —0.5
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3.2 ERER

MERERZ B LT 2L F - e A ZRBE LY AT LIZDWT, TOEREREZRT. T0
BRIz, HREMARDIRIE D BREADNR T 5 Z & & FERIIZR S, IHREWRE fo 13 fo = 5.16 Hz TH 5.
FERTIE, RATERRAICIE L7z Kp = 10000, K = 5000 W5, 7z, REINEOHRIEH,SZE T
52 %ERL, Xo=0.02mm, 0.03mm O @Y 2F R 5. TNZNOIRRIEICHE T, HIEMKL
(G(t) = 0) TEBRZIT - 72851, v(t) OIRIEXZEHZN K13V, K22V ThHho7/. £IT, MHED
HiE O UTHEME VY =18V &3 5.

Kp =10000, K; = 5000 D%, 2 B T/RUZZFEBRTHWZMHE (Kp = 10, K; = 1078 8) ITHAR B &2
LAREWV., ZOHHIZOWTETRARTEL. ARTHIFELIND T 1V G(t) 13 v(t) = G(t)w(?)
D& 12, V=T E—XOBEMES w(t) = Xosinw,t DR E LTHWONE., 22T, Xg DEUEIZA—
MVEAITH D, fle LTY =7 E— X OHRIEZ 5 EOFERTHWS 0.02mm &3 55513 Xo = 0.00002
s, FEEE, PHEERE LT G 2 FEHEHBLU AR, EFREBIZEVWT, V=7 E—XOkRIEN
0.02mm DHE, G(t) = —16000 D & ZiZ vy (t) DIRMEAIFI LIV otz iz, V=T E— X DIRIE
7230.03mm OHE, G(t) = 16000 D& Z1Z, vi(t) DIREIKI 1.6 V &wo7z. ZD L EDEE vg(t) D
REXEEZRDE, BEZ0IVIRELRS. ZOLOREDHEME V= 1.8 VIZHIET 27201z, A
72< &5 G(t) =5000 DK DIRKERMEPIBLEI LD, ZORR Kp, K DEFIKREL 85,

Fig. 3.6 [ZMHRIRIED/NZ W X = 0.02 mm ORFHIGE 2R, HKjEL —F =2 EFOEMEE
vi(t), B Z OREEIRIE VA (1), SRE TR0 —AFLAERETY 1Y Gi) 2R LTS, HlfE) =
T E— X OB & B U 72, IREAOIRBIAEFIREIZ RS ETRHEEL t =0 THBL TS, M&
D, FIBIBBICHET A VY REDHFIZKE KRB I ONTREHRIEN K E < 220, HIHBIHERY 30
B CIRIED — IR L TWB Z & h bbb, Fig 3.7 12 Fig. 3.6 DEEK THRAEDILAX %R .
TRAR v1(t) D3 5 Hz OIESGRIRICIEEI L TWB Z &, ZORIEAHEME 1.8 V. (FHHR) (IR L TW»
52 Db, Fig 3.8 IZIIRIRIEA K W X = 0.03 mm DORFREIGE 2217 . Fig. 3.6 DR & X
WZRA T AV INED HNZ K E 22 12 DN TRERIEAVNE <72 b, HIEBHIAEK 30 B kg H
EHZIUR L TWB Z e Abh b,

BTN & 51T, ABETIIRET 1 > G(t) DIEAHMIREIFEEREIC & 5T 3L F—Huk - A
HIHLTWE., 2O e, ML ZERERRGIERICED, RRIEO RN L ST, ZxLF—
HOR & AR YN RIS 5 Z 200 & o TIRBMAOIRIE %2 HIEE @ ICHIflT 2 Z LN TEL R 5.
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‘HWWW L1 L1 L A LU L

=

Voltage [V], Gain
o

-1
—2 — V} (t)
—Vi(t)
——G(t)/10000
50 100 150 200 250 300

Time [s]

Fig. 3.6: Time response of X¢=0.02mm, K p=10000,K;=5000
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Voltage [V]
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o ol =
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©
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_2_!: I I I |
299 299.2 2994 299.6 299.8 300
Time [s]

Fig. 3.7: Time response of X,=0.02mm,K p=10000,K;=5000 (Enlarged view)
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Voltage [V], Gain

_2 7VA1 (t)
—Vi(t)
—G(t)/10000
50 100 150 200 250 300

Time [s]

Fig. 3.8: Time response of X¢=0.03mm, K p=10000,K;=5000

Fe W T vy DIRIED EHEEMER » THRENS 5 AL BRGSO Fl % Fig. 3.9, Fig. 3.10 IZ5R3. Kp
& K 2T CIRET 2B O NZERT, WIhd Kp &0 b K 2 0 KRESHELGE
ThH5. Kp &0 K 2 RESFE LV ZGEIIALERRERIGENR O NDHEHRIE, WRITERLEH2
FETRU TV LESRMPSCHR 7] OAEEAIFERRRUN U TORINT VB LZESRMFIIN L THEE
T, ZOROARFERIZBNTDS K ' Kp &0 FAREVGEIIALELERMEOSNE LEZO5NSD.

PAEXD, - BT 1 2 YIciE T i, EERREERICESVWTREFERIC L5 %
VX =Wk - EREFAL T, IREEOMRRIEIC & S THIREMADOIRIE % HiZfE —EichificE sz &

U7z,
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Voltage [V], Gain

[
=

Voltage [V], Gain

50 100 150 200 250 300
Time [s]

Fig. 3.9: Time response of Xy=0.02mm, K p=100,K;=15000

2 ! i il i i 1 \ (> 1y L
h L4 a4 44408

1

(@)

[
=

Vl(t

_2 7\;1 (t) h
——G(t)/10000
_ ,VT

_30 50 100 150 200 250 300

Time [s]

Fig. 3.10: Time response of Xy=0.03mm,K p=100,K;=17000
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FeaE QT HICL B3I RILF—OINEAVEIR
F R IR iE OD il fE]

4.1 FEREEBE
4.1.1 ZEE#ER

AT UHEFMALTTRVF —EINT 2 FEEREBEOHKK % Fig. 4.1 12, REEZWEKT 5 EalaH
DHAZ £ & HD2H D% Table 4.1 12739, EEREEIL 3.1 MRS NS FHELEDRITERZ, WK
HBP TV Yy VXA A=, VT oS gARBRICEE LD THD. £, L—V—RER
L#E e PSD (Position Sensitive Detector) @ 3 2% i\ T Wz iREMAD N FHIIR I, EERATIZ L —
Y —% PSD IC AB & B ERICHML 20 0 T, ZhE ¥k 5720, CMOS X1 7 v1 2710
L —HllE ¥ > ¥ (Panasonic, HG-1030) IZZH % U7-. Rg(t) &M EAAHY R(t) DfEHES, C 133
YEVY, VR VT UV OEEEERT. KX R = 1kQ TH L. AILAMREHSE, 2®HEH
UHDaMFHLTWS., a2V T VY EE V. IEZE O Flikix PC D AD R— NIZ#k LR L. 7272
U, PCHlEZI9 Y Raen)b7-0F0RPIZEFBIERKZEALTWS. ZORKEN% Fig. 4.2 (2
R MAOEHIEFET R=100kQ) TH 5.
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Table 4.1: Experimental instruments

pPC Dell Dimension 2400(RTLinux-3.2pre3)
A/D Contec, AD12-16(PCI)

(12bit, 10us)
PIO Contec, PI0-32/32T(PCI), 32bit, 200ns

Disturbance Actuator

Orientalmotor, EZC4D005M-A
Thrust 70N, Speed(max) 600mm/s

Driver Orientalmotor, ESMC-C2

Laser NEC, GLC5230

PSD Hamamatsu Photonics, s3931
PSD  Cicuit Hamamatsu Photonics, C3683-01

Laser displacement sensor

panasonic, HG-1030

Vibration generator

Star Micronics, EH12
37 x 25 x 8mm, 5.36Hz(resonance)

Rs(1)

PIO

PC

w(t)

Driver

Vibration source ‘

k;

4

l Xo(1)

;j

Vihratin_a body

Generator

m,

: o

1

A/D

J' x(1)

Laser displacement gauge

v(7)

Differential amplifier circuit

F 3

Fig. 4.1: Experimental apparatus
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For circuit of
experimental —
apparatus

Op amp
LF336N

R

rall!

Fig. 4.2: Differential amplifier circuit
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4.1.2 AVFUHERAWESBEDINE

52 ECIIIREI B OW FEICIEPI 2R L, £ Oo\|PiEIZS U2REARE S o Tns. 2
D7, WREARIFOKRE I IFFHERO I ANV EZRNLEIROKES I ITHEL DL LFEZ NS, —H,
ARUGE L, REFEBECTHREL BNV IV T U HBI NS ROAEET % AL ARKT CEIfI
ZILEE B LT, KBEO I NVIZHNDIEROAE S 2B UIRBHAREOHE21TE> 2 35%
DTH5.

ZOEBRAEIEICOWTEHRT 5720, B2 Y= a2 7IVHBT 2 PHEREIT> 7. FHERT
&, IREADIREIFROIRINC & > TN T WD & &, IRBIBEICHERINTVEIT )y XA A— N
%G AT DB X N7 IREE (Fig. 4.3(A)) 53V FudaERE L & (Fig. 4.3(B) &, av 7
Ve A AP A ESNC B U (Fig. 4.3(C)), & FRHCIPUTEEZ ~ = 2 7 Vi L 72 & & OiREK
RIEDISE 2GS 5. Fig. 4.3 DROBARTH EN TV 2 EIXIREIFER, ROMETHENLTY
BHFIETV Y IRAA—RNTHS. £/, RNFALEPI (KT ax—%&), Cldavyrizk
LTWs., FTIREBFBERICERINTVE TV Yy VXA A= NIZIA VT Y OAREERLZHE DR
FARIRIE D IFFIGE 2 Fig. 4.4 RS, REMAZAOFHIZY =7 € — X OB 2 Blta L 724, RENK
DIREIDEFREIZ R 2 ETHELTH ST, ZOERTHALZI Y F U HIE 1100uF OH DT
H5. IREARITN T 2 IIRIRIEIZ 0.05mm, ML 5.16Hz TH 5. T OFEERIK, Bl U iR
DN RIZEE T DT o 72 FERT, B2HEPEIHTRULZEEIMADNTVWELD LR
DEMHALTNS.
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Generator

Generator

Fig. 4.3: Circuit setup
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B DA IIRINAE D ZERLEIE v, 28 L, FROERIZZ OHEEIRIE V, 2£ 3. 30 F > Hd Fig. 4.4
thad 20 B DI Tl AB Bl U7z, 2B TR & 512, IREIFEEED 31 VICBHI RN S
CHIRENRERANDO Y ADEF PG X N, v A LIRFEOHENZEMINES 725 T 12 & > THREBEDN
IREA D STRIN T 2 T2V F — 13T 5. Fig. 4.4 T 20 HED SIREMADIRIENA K E < 2> T W5
DL, Ui ABRICE TR I, BRABERO I VICHEN2DTHD. £/, TInoHh~
CHRIFEDVNE K o TWE, 50 AHED SHRIED 2 > 7 U B EEDRTO K E SREIZELENTVWED
&, VT UHICERMNEN, REVESBERETHRERDO IV EIRNIERIVNSIKBRoTVRE, »

DTEBPTEN L R LHBREBIZRENOTHLIEEZONS.

N

=

""""
e,

‘ il ln'|'l "|| i | H kel

Voltage [V]
o

|
[EE

310 20 30 40 50 60
Time [S]

Fig. 4.4: Experimental result (Circuit setup (A to B))
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WIC Fig. 4.3(C) D X 3123V F oy L £ HHi 2 B CHEE L, Bz Y27 VHBLEL =
DIRENAHRIE DR HIGE & Fig. 4.5 1237, AREHIERIZIE 20kQ DR T V¥ a A -k e flnwik Sz
Fig. 4.6 (Z/"9).Fig. 4.5 D 20 BOW T a v 7 ¥ LA EMbi 2 b 7 AB HlICHaw U 72, £72, B
I D A AR DI 2 DEKRME (20kQ) TH D, Efg 20 n I TTE BT —EDHEIZRD XS
CFHTEOIZZ I 872, FERERELD, 2505 40 AR £ TR0 ICIRIED LA U, 50 Bk
FCRBLUCHBIRELEZ VT VT ERDATI LIV E RSV L2305, ZHik, EPEO R 2 iR
NBZERVALEIC L > THEINDZ L, TNCE->TIAVTF U ORBHEIELHITR D720
ThdLHEAIOND.

UEXY, avsFryHic+aEmdr-EsETcoOMTHNE, EIEZEMEL, Kb ERZHET
5 Z &k o THIE OIREIRIED LBV IR T E 5.

3

il b |”||\IH||”|-\ r il T

Voltage [V]
o

0 10 20 30 40 50 60
Time [s]

Fig. 4.5: Experimental result (Circuit setup (A to C))
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Fig. 4.6: Variable resistance
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4.1.3 TEERIRGIEROEK

3.1.1 EOIE L FRRIZ, vy (IREMRDZENLIZ G 2 720, IREIMKRDZALRIE %2 B AEE I HIH 4 248
b0z, vy OIRIEE BEME Vi ICHIldT 22 2F 2 5. Fig 47IZHIERO 70y ViR Z2/RT. v
DIRIE % BEME ViF —@E &35 & 5 ICHTifE Rl Re(t) Z BT T 2 AMD 7 « — F3y 7 iR
Th5.

u(t) _y*
eu — Pl cont. fe - 1
T
w(t) —_
- /E/ - %
¥
- - LPF
v (D -

Fig. 4.7: Block diagram of experimental apparatus

4.2 ERER

THVF—[AE LDD, REHRIEEZ —EIZTES I L 2ERMNIET. T2V X—0mEIET> %
FeLTavyFrodaifdTs. Hfz) =7 E— KO 2B L%, REMKDOIREAERIRIEIZ
55 ETRIEL, FHIZAD TS 20 THKBLTWS. 2V 7 HE iz R = 1kQ OHHIC
Bt UGB 21T o T 5, AIAEYIH L FIIZ, FHllZBO T2 S 20 THRL TWa. fiHLZa Y
7 YL 6600uF T, MIHRIRIEIX 0.05mm, IR HEEUL 5.16Hz TH 5. EEFER% Fig. 4.9~Fig. 4.15
RS, RERISIREMA D AN, SROFMIIREMADHEEIRIE, HEAAEII~ORRE, a3 vy
VG OEE Ve 2R LTS, HOBMMIRIEOBEME2 R LD TH S, HRiFDBEEIX 0.12V
U7,
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Fig. 4.8~Fig. 4.10 (T O FEEKER & LR T 2 72D Hilf# 7 L DFEER T, WhHl7r 1> Kp =0, BEo
T4V K =02 ULz EDOMRTHE. ZOLE, PIFERPSOHNOMEIEFEIZu=0k2Z L
1S, Rg(t) DIEIEHIZ Re(t) = et =1 8745, AV F o L e LA-EETH S 20 BAHET
IREMRIE X R L, T OBRRLICHRENNS K moTWBd Z e Wbnrd. — AT, avT VIO
BEVCIZ0258 09V FTERLTWEZ b hd (£, BhT2L5C8LZHE0.1VD /A
AMHBEND). ZOFMRLY, EHEOBMEN 2L TH, RBADRKIEIX 2 Y F U OREIESITD
NTNSLKBoTWL ZeDbrd., AT UVHDEE Vo IZDOWTIERS. Fig. 4.8 DILKKTH 5
Fig. 410 &9, #0.9V Of0 6 EFIZE L ZMH 0.1V THETWAEIROEDTH B Z 2 hbhrb. Z
D/ AADESIZHADE DI, EERFHGRTORIE (k7 U, KR, 3> 7 v ERA) TH R
L5N5720, KX T Vo lZDOWTHRRD & ZFXINITDOWTHEL, Ve iy M4 7 AEEE 1rad/s
DE—=NAT A NE—=IZE>TTAINVRUIRE U2 5ARNS. Vo lZDOWT 7 1 VXU %L 7=
#% % Fig. 4.11, Fig. 4.12 \2FNF ISR TR,
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Voltage [V]

Voltage |V]

0.4

1250

1200

=
a1
o

[
o
o

Resistance(signal)

a1
o

100 200 300 400 560 60%

Time[s]

Fig. 4.8: Kp = O,K[ = 0[1]

100 200 300 400 500 60%

Time[s]

Fig. 4.9: Kp = O,K[ = 0[2]
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Ve V]

Voltage [V]

1
0.95 ]
0.9 ”’J
0.85 ]
0 —Ye
89 5092 5994 5996 5998 600

Time[s]

Fig. 4.10: Kp = 0, K1 = 0(Enlarged view)

0 100 200 300 400 500 60%
Time[s]

Fig. 4.11: Kp = 0, K; = 0[2] with LPF
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0.95
M,Lf.
0.9
0.85
. VC
— V¢(LPF)
0'§99 599.2 599.4 599.6 599.8 600

Time[s]

Fig. 4.12: Kp =0, K1 = 0(Enlarged view) with LPF
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Iz, T e, BaTra v az2E8HUIT> 2MERIZDOVWTHRA S, Fig. 4.13~Fig. 4.15 Tl LA
rAvE, BATAVIEENTENKp =1, K =6 TEBRZT>oTW5. Fig. 4.13 &b, 70 BfHEh
5 200 AL £ T, IREMAOIRIEMIZIZEHEMRIE—-ETEDLEVTWVWSZ L, 72200 B2 SiRIENH
BE» SHEN TV KSR A S, EPHERMEIX T0 AHER SIRZITETFT LTV E, B X% 260 O
MTERIZR>TW5. £z, Fig. 414 X0 a VTV OBEIZ 0 HELSIFIFEF—EIZ ERLTWY
5E5IZHZS.

— 5T, Fig. 4.13~Fig. 4.14 DILKXTH % Fig. 4.15 2 A2 &, HRENHRIE 1 — Bk HAZAE 0T 1 210
U, ZORIIMRLZIZEB IV TRAEZILRLTWE, 200 HED» SREDILKT 5 A — KA L
TWB LSRR, REEZNSSTDHEOICHESTA Y K % EIFT0 o 2488 % Fig. 4.16 (2R 7.
Fig. 4.16 K W N7 1 ¥ K % B3 &, 2ARNICIRBIMAIRIED HEMIOEO<HAd 5. —hHT, ik
BIRIEDARE A0 ITRAEEZ IR T AMEMIIZEDL > TES T, WAEIIEKRT S A — RA&RFH S 138
LTWBHHABFRLCTH 5.

K; = 8,10,15 TOREIAIRIE, 2> F I BEE2ERQTRLEZRKYE, REARE, EifERAzE
RTRULZM%E, Fig. 4.17-Fig. 4.22 \IZZNZF 4R, Fig. 4.17, Fig. 4.18 X0, 80 B d 7z b 2 5 L
EPRZ AR LU TWE, 250 BHETERIZR > TWA. RIEIE 80 IMHED SR~ IZHIEED 5 ES
"0, 20H7Z0NSIEZTDAC—-RBRFE, 72, 2007200V T U YEEIXBLZ 0.6V
T, TIPHBIFEFEIT EAUEITTVWS. 2DV TIE Fig. 4.19~Fig. 4.22 IZBWVWTERUL & S
IR RS NS,

2 ETITRUERBERIZOWTHRBIFRER IR S N MO XK TH 5 Fig. 423 KO EHK%E
115, KB HESIZONT Vo BPRE 2o TWIHIE B AT OEIE Vi 13 R4 1IN <72 b, [F
2, 20L& EDEPUEN —ERSERE VR L& b IT/hE{hoTW & X 5N5. Fig 4.9, Fig. 4.8,
Fig. 411 128WVWT Ve DR EL BB IZDONTHRIRIFEINS K R0 TV DIFZNIZEET S, — AT
EHEL —E TR EBMEIRETHNIE, HEIEZ /NS UTWIHTEROKRE I 2FAETEZHLHE 26N
5. Kp, Ki 2T Zho &k h RESKELEFERIZBNT, IREKEOHRIEE BRI ICHB T &
2l 3 INeEET 5. REKOIRIED R 2 IZ HEIRIED? SEI P B BHRUL, v T v HicREINDS
B U, EPUEZ S E I EELRRZIENTVWE, BRVBRLIZTVROKGEITIENSTHEEHE X
5N5. X 5ITRTH SIRBIRIEN HEED SN D A — AT 2 Z 2122V T, HEE#ED S
BN D A — RO U 725 5 S MPUEIZ ZE NART & 72 K D R A = R TIA 0l cnwas 2 &,
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ZUT Ve DREZIZWAHT TWBHEP S, REPFEERIID SRUEZ R OEBENTH D, Vo LA
LTWK Z eIk Tavy Ty S ICEBRE2H T - BELRBNVIREARERORF OB HORA 22
T, TOXBIZL>THLERDPIEVDIBRDENSTHIEHEAONS. £z, Fig. 4.14 IZB WV THRIED
HEMED? SEENT WL 200 MAHETD Ve DREIEE L Z 0.6V TH-o7z. X 5T Fig. 4.17-Fig. 4.22
WEWTHRU LSRR ASND Z S, ZOETLZWPR-RFZ. BHPRMEZ DR /-2 &M
ZEzonsd.

0.47 ,250
0.3-
0.2 1200
' E
- e D
% 0.1 1502
O
g 0 g
g -0.1 100%
nd
-0.2r v (t
_%1( t) 150
-0.3- 1(t)
. -V
0 L L L L 7RS(t) —
Ab 50 100 150 200 250 30%
Time[s]

Fig. 4.13: Time response of Kp=1,K;=6
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Voltage [V]

Voltage[V]

0% 50 100 150 200 250 300
Time[s]

Fig. 4.14: Time response of Kp=1,K;=6

0.15
0.1-
— Vi1 (t)
SV
0'050 50 100 150 200 250 300

Time[g]

Fig. 4.15: Time response of Kp=1,K;=6(Enlarged view)
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0.15

0.14}

0.12

Voltage [V]

0.11

0.1

7VA1(t)KP — 17KI — 6
—V(t)Kp = 1,K; =8
—V;(t)Kp =1,K; =1
—Vi(t)Kp =1,K; =1
'

150 200
Time[s]

50 100

Fig. 4.16: Time response of Vi for Kp=1,K7=6,8,10,15
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Fig. 4.17: Time response of Kp=1,K;=8(Enlarged view)
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Fig. 4.18: Time response of Kp=1,K;=8(Enlarged view)
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Voltage [V]

Voltage [V]
o
=

0.15¢
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Ve IV]
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Fig. 4.20: Time response of Kp=1,K;=10(Enlarged view)
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