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SHIBASAKI Keita
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Nagaoka University of Technology

In recent years, energy harvesting technology has been attracting attention in response to energy
problems. This is a technology that collects and converts energy that exists in all forms in our daily
lives, such as vibration, light, and heat, into electric power, and can be used as a power source for
sensors and vibrators for environmental monitoring, creating a practical system that does not require
an external power supply. Vibration generators is a technology that converts vibration generators into
electric power through conversion processes such as piezoelectric, electromagnetic, and electrostatic.
In the past, research has been conducted on vibration control of vibrator using vibration generators
and on energy harvesting circuits to efficiently convert the power of vibration generators. The fact
that the vibration amplitude of the vibrator changes due to energy harvesting and that the frequency
of the vibration source is unknown and may not match the natural frequency of the generator has not
been taken into consideration, and high power generation efficiency may not always be obtained.

The final objective of this research is to develop a vibration generator that maintains the maximum
power generation efficiency by following the natural frequency of the vibrator to the frequency of
the unknown vibration source. In this study, the frequency of the vibration source is assumed to
be known and constant, and it is considered to match the natural frequency of the generator. Since
the power generation efficiency depends on the vibration amplitude of the vibrator, we consider a
control problem in which the vibration amplitude of the vibrator is set to a constant target value
instead of maintaining the power generation efficiency. In the previous study, a steady-state oscillation
control system for the vibrator amplitude was proposed, in which the load resistance connected to the
vibrating generator was dynamically changed to keep the vibrator amplitude constant at the target
value, and the stability conditions of the control system were theoretically derived. Next, a steady-
state oscillation control system was proposed to maintain the vibrator amplitude at a constant target



value regardless of the amplitude of the vibration source by simulating the energy recovery and input
by an AC power supply connected to the vibration generator. In addition, a steady-state oscillation
control system was proposed that uses a capacitor connected to the vibrating generator to recover
energy and dynamically changes the charging current according to the load resistance to achieve a
more practical energy recovery system. However, since the load resistance is associated with energy
dissipation, a method to utilize energy recovery without using a variable load resistance is necessary.

In this study, we propose a steady-state oscillation control system that dynamically changes the
charge / discharge cycle of the capacitor in order to control the vibration amplitude of the vibrator
without using a variable load resistor. To this end, we first propose a charge / discharge circuit that
alternately charges two capacitors connected in parallel to the vibration generator. As a result of
manual adjustment experiment of charge / discharge cycle, it is shown that there is a monotonous
relationship between the charge / discharge cycle and the vibration amplitude of the vibrator (the
vibration amplitude of the vibrator increases as the charge / discharge cycle is shortened). This
relationship is the same as the relationship between the load resistance value of the previous study
and the vibration amplitude of the vibrator. A constant control experiment was conducted. As a
result, it is shown that the vibration amplitude of the vibrator becomes constant at the target value
if the proportional gain Kp and the integrated gain K of the PI controller are properly selected.

Next, the stability conditions of the control system are investigated. It is shown that the boundary
line between stable and unstable in the proportional gain Kp - integral gain K; plane has a positive
slope and intercept (Kp = 0,K; > 0), and that the lower (upper) side of the boundary line becomes
stable (unstable). It is shown that In addition, the stable conditions for the target value were investi-
gated experimentally by eigenvalue analysis. In the eigenvalue analysis, it is shown that the intercept
and slope of the stable / unstable boundary line become smaller when the target value is set large.
The experiment also shows that the intercept of the stable / unstable boundary becomes smaller when
the target value is set large.
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2.1.1 ZEREE
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BEP OSBRI TS, KHFD w(t) XY =7 E—XDOEAMIES, Rs(t) T ZAMGKH R(t) DS
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EBRAE 50.0 Hz O 2 2 I E 22 N TE 5. HKEKONEE Fig. 2.3 12R7. FEBIIA X —

B EREEIBETmy=121g) ObO%2MHLTE D, BHAEOIEANZE D W TNEEADIRE T 5
ZeTaAAINEDOMHNEEINZLOFEET S (L— VT -T2y ). RIEDIE % Fig. 2.4 1Z7R
T, IREMRIE, T OREIEIREBDIHBEERO T NIFIE BT 2 L5 ICEEm; = 332.5 g IZFEI N TW
5. V=7 E—REIREMAE, NFEHH0.13 N/mm OF[ENNR % 3 DHWTHERLINTE D, KEK
FIREMANEBIZ ARG X5 IZ U THD M s Twd (Fig. 2.5) . AIZAMEII O % Fig. 2.6 (12
~Y. AAAMERIE, PCSPIOR—RFREZALT8EY DT 1 YV XIVES (0~255 DIE4E) T
#7400Q~38kQ D2 A[ETE 5.

Table 2.1: Experimental instruments

pPC Dell Dimension 2400(RTLinux-3.2pre3)
A/D Contec, AD12-16(PCI)
(12bit, 10us)
PIO Contec, P10-32/32T(PCI), 32bit, 200ns
Linear motor Orientalmotor, EZC4D005M-A
Thrust 70N, Speed(max) 600mm/s
Driver Orientalmotor, ESMC-C2
Laser NEC, GLC5230
PSD Hamamatsu Photonics, S3931
PSD circuit Hamamatsu Photonics, C3683-01
Vibration Generator Star Micronics, EH12
37 x 25 x 8mm, 5.36Hz(resonance)

12



Linear motor

1o Aluminum frame

~

Vibrator

Fig. 2.2: Experimental apparatus
13



Fig. 2.3: Vibration generator

Fig. 2.4: Vibrator
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Fig. 2.8 IZHIfAIRD 70 v 72 RS, L=V —ZBAEIDOHIIES v () ZEHEBEEE 7 —/3
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T
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Fig. 2.8: Block diagram of experimental apparatus
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t =150 s 21T I3HEEHRIE Vi (t) X EEEE—E L 2 BB TR T E 5. %72, Fig. 2.9(b) TR HEAR
(t =299~300 s DEDIRE) 6, V—Y—ZAEIDOHIIMES vi(t) 230.8 VIZURL TW5B Z & Wi
RATE3.

17



Voltage Amplitude [V]

(b) magnified view

18

3 1250
? 200
=) 9
g1 \ S
2 ,’k A 1502
= . 3
g 0 s
S | TN 1003
51 Y -
g O
, i) |
o} —vi (e[
-V
—Rg(t)
-3 w w w w : %
0 50 100 150 200 250 30
Time[s]
(a) general view
1.5
1t |
0.5 :
o |
-0.5 :
-1f —vi(t) |
— Vi(t)
-V
139 299.2 2994 2996  299.8 300
Time [s]
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Fig. 2.10: Time response of Kp = 0.0, K; = 7.0

19



2.1.5 WHITA Y Kp, BOT AV K ICBT2RESRN

Hir 4 v Kp, BT A v K (CBT 2 HIHR D% E S 2 ERICHEE S N, ZORERIZOWT
WBARB. Fig. 211LZHHI7 1 >~ Kp, AT A v K IZBT 2 ZEE&EZFFICAE S Nk 2R T.
R (2.1) ISR THZ ¢ = 290~300 s DRIDIBHZSE Vi(t) — Vi D Ly / VLD 0.1 Kl & 78> 723585
L, TN RLE L WS iz, Kb OO 71 > Kp, MEOES 71> K i2xiLC,
LEIRGEIAE, RLERGEII VIR I NT WS, FIHHRALE & 725 KM D\ TH R
fRiE% 52 B 1=0WEIr A > Kp, A7 A Y K O A% 1.0 & UEICHEE S Nz, ERITZE/ R
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Fig. 2.11: Closed-loop stability with experiment
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2.2 HEMMBITEBE
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i L TWa, 7z, F2.1 WTIRAMBRYUEZ 2L § 5HERZD, AMEIHEIZEERD XN
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o= % FE R, Xo JIRBEORE, X BEEERT. ST (9] TR, BIEIRLE L 25
Hlr4 > Kp, 74 Y K i DWTERS KUK (2.2) OEAMHEMT & D BE LliE»EET 52
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3.1 REMICOVFTUHEERGLEGBAICENDER

E2FTIE, FEBIC A AP E Bt U T O AMEPIEZ BIIC A L 5 2 L TIREMKDIRE)
REVPEHEME —ELRbZ %2R U7, AET, TAVF—RINZMHET2-20KEHca>ToH
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MFE w(t) DIRIEZE 0.05 mm, HIIHREREE 5.16 Hz & U7z, GHlIZHDTH S t = 20 s %, FEHK
CAVTFUFEERL TS, FRIREL —F—EREOHIES vy (1), FERIEZE ORETIRIE v 2537
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E25.
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AT 2D TS, Tx NAAYF SW1, SW2D on/of f DR;fIfE4 X, PC 5 PIO A— R %

NLUTHZB. SW1hon, SW2Woff s, VT Uy HIXRERICERLABEINS. SW1LH
of f, SW2»on DE, 3T U HIIMEHAERY Ry CERUNEI NS, 202 008fF2 R HIZ
MORY, L= —FAEMLEIL PSD © 3 2% AW TWIREIMRDZAGHEIR X, FEERETIZ L —P—
% PSD IZ AST X B A ER IR PP O EHTH 572720, CMOS XA 7~ 7n L —H -t
¥ (Panasonic,HG-1030) (& H 35 Z & THHMi{L L7z, Fig34ila v T YOABLMEEEVIKRL
7B DHEEIRIE V) OIS E 2R, V=7 E— X DLMIES w(t) OIRIEZ 0.05 mm, AIHRERKRLEE
516 Hz & U7z, GHHIZIRD TR St =20 sk, 22T Y IXFEEE & EHERTT Ry TR HIZEHR L 7
BLREEZMEOREL TS, K, SR SEZENThABRME RERMZ 1s2 19s, 5s& 155,
105 & 10 s 12 L2 A OHEEIRIE V), 2R, X2 5 REREAE 22 000 THEEIRIE V) A E <
BB ENDND. TN, ABREPEWIZEFREBNTO 31 IVIZHREN S N ZRBRAKRE 72
D, WIZABREAENZEEENRERPNS K RE-DeEZONE. UELY, avTFrvHoHR
BN & > THRANREBROFH N TE L 2 L2 bh o 7.
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Fig. 3.3: Charging and discharging ciruit
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3.3 VTV T ERIRDIRSE

BE3280 5, IV T VY OARBRMLIC X > TEENRERVSHATGICE 5 L 2R U7z, 272U, av
TYHELIDOUPHNTWARWEZOREL TWBEE, BEMIEFRE 40 T3V F —EINDTZ R0,
%z Z T, Fig.3.5 DAFRBFRTHAL D122 00 30 F o4 2 FKBEBICWHEFL, KHICEETS I L
TIANF—[NE UK 2 AREEBEERET 5. AR CTHAT 2 ARMEAPE X, FHEKIAL]
ERINnz2o0a3 T Y ORBS LORERAMEZZERL TE Y, RWERPNIC & > TEEWRER
2T 5. MO To(t) $ABEAY, R, =400Q, Ry = 2700 1kZhZ N7 &k O HER O,
Ci, ColdavFr¥, SWI~SW4lE7 4+ NAA v FERT. 74 MAA v F SWI1~SW4 X Fig. 3.6
DEA LF ¥ — M- TEIET 5. Fig. 3.7 ICAMERIKOEEZ/RT. SW1 & SW4A D on, SW2
& SW3Moff D& (Fig3.7(a)) , HERD & 512 C 1EFEMIZER L AE, HROL ST 0y 1 Ry
CHERUIEEI NS, WIZ, SW1 & SWAD of f, SW2 & SW3H on DEE (Fig.3.7(b)) , HMRD &
DI Cy 1 Ry (B U, RO K DI Oy IZRERRICER L AEBIND. ZD220FENLHIZ
oKD, REEEAM To(t) 1X PCH 5 PIO R— K24 LT FERE 0.1 s~ Rl 2.0 s D% 21k
XRBIENTE B,
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Fig. 3.7: Charge/discahrge circuit operation

29



3.4 FRHNERH & IRENMARIRDRE R

FINEE To(t) #FET—E L UZBORBERY To(t) & IRBIMAD IREIHRIEDEAFRIZ DWW TR R
%. Fig. 3.8 IZRMEEM To(t) % FET—E L UBOHEIRIE V) OIS 25T, V=7E—%
DENFES w(t) DIRIEZ 0.05mm, MHRAREEZ 5.16Hz L LTW5. C =3300uF 2> 7> ¥%2H
Wiz, BHllZ RO TH S t =20 s 8, FREMICAMERBKZ L 2. Rk, R, BERiEThzhri
BB To(t) 2 1s, 5s, 10s & LGAOHERIE V 27T, XS RRERY To(t) 28 T3
CHEEIRIE VL B R ELK BB I LD, ZThEMTOLSIITEZ OGNS, ZITREIBEDED, %
MENROFREHEEL TV VXA A — N2 FLDED2EROEBITERE L LTERS. EBIERE
R, £ IV T UY C 2B L4 (Fig. 3.9 (A) ), [HEIZHN 2 BRFER i 13R (3.1) THX
1, Fig. 3.10 (A) R TEHD & S ITREIT/NT K35, WIZEELIR E (ZFRBERE % i L,
EDFERE To(t) TEMEL 728554 (Fig. 3.9 (B) ), BERFEJR ¢ 1% Fig. 3.10 (B-1) 12§ &S TDZ
TORROWH L7 D, BRI EERNRERITNS EEZ oD, ANERM To(t) 22X 61
EL UGS, 3V Ty OREIED 720 Fig. 3.10 (B-2) 128 T & 5 ICHHNFER i OZ P KE R
D, Fig. 3.10 (B-1) & IARFEHWRE RN b eEZ2oN5. UELD, RNERKICSWNTA
B T (t) PRI EEAN R EBRIFZ R E < 25 2 OREBEKOIREIREIZ R E <25, #IT, AR
BRI To(t) PEWIF E N ZRERINE <725 - OIREADIREIHRIFI NS <R b. 72, ARE
JEH T (t) DR < 72512 DN THEEIRIE Vi DY1L78 0 OWIRIZ 725 DI, BHER i DZE/HKE WD
reEZOoNSE, UEXD, RNER To(t) 2 BT NISAMEOIRBIIRIENERTE 5 L E X
FHFREER LT 572
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Fig. 3.8: Time response of V;
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Fig. 3.9: RC circuit and charge/discharge circuit
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Fig. 3.10: Charging current waveform

32



3.5 FRHERHOFHHERR

FE I T (t) O FFHTEERZ U 72RO B To (t) & IREMADIREMRIEDBIFRIZ DWW TR
%. Fig. 3.11(a) (C PEIFEEROKHEINE 2RT. V=7 E—XDENES w(t) DIRIEZE 0.05 mm, i
BB E 516 Hz £ U7z, C=4ATuF O3 Y T Y2 AWz, FijEL — =250 IES vi (1),
FRARIE T OHETIRIE Vi, ERSABEE To(t) 2R3, TG (t =20s) #, FRERICHRE
[m] % % Bt U Y 50 FOMEIFE C To () PMREEIZIE 25 KO BRI L T 5. D & IREMA D HREIHRIE 13 78 1)
BRI To(t) BEL R BI2ONTREL LD Z LW bM” 5. Fig 3.11(b) (I FEFHEERE U ZBOR
B To(t) & IREMADIREIRIE D & HH 2R E RS, XA o, FRREEY To(t) &Rk DIRE)
PRI X HER BAR (FRNE A T (t) 28 < § 2 LIREIRDIREIRIEA K E <702) b5 Z &atbhr
5. RINEAY To(t) 710 s D56, FEBIARRERBICER SNSRI 05720, READIRER
5% Fig. 3.11(a) O FEFHERL (¢t = 20 s) BiOHRIHRIE & FIBRRH 0.07 V & 722 5. FMEF Te (1)
230.1s BUFIE, #0.07 VITURS 5 & 512 SE A To(t) 28 < 3 % L IREADIRBIRIE AN X <
o TWBDRRERIZAHTH 5.

FEICE I T (t) & IREMADIREIRIEDBAGR X, 58 2 EO A MEGUE & IRENA DR BHkiE D B4R & [F
FRTH 270, F2EOEWIIRGME DO PLAHESR O 2 2RO SME Re(t) 2 & 7S RER
W To(t) BB S NEFRBEAN To(t) 2BIZTE L 5 2 & TIREMEOIREIRIE & B AE—E 16l
HcEsrrEZLNG.
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(b) Relation between T¢(¢) and voltage amplitude

Fig. 3.11: Manual adjustment experiment results of C' = 47uF
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Wiz, AVFUYOHBREER/NS T 5L TFig 3.11(b) DHIFRIXAEICHEIL, FEERO G
REMECE2EAONS. I, BI3A4MTARRZ KD IT, EBBIER FIZFMFERIE % B L

FRNERY To(t) CEIfEL 728556 (Fig. 3.9 (B) ), BN ¢ 1L Fig. 3.12 (A) IZRTLSicDZ
T OPROPI L 720, BB RTEHINZRERN NS EEZ NS, RNER To(t) F—ET,
VT U OHEREEZ/NI K LA, Fig 3.12 (B) O & 5 IZHBIFER i O 2 EEHHE < 42
%728 Fig. 3.12 (A) LHAEHRRERIZNS SR EZ6NE. UELY, BREEYE T(t) 2
—ETAVT VY OREAEVNIWVIEY, FENRERIINE <725 7= OIREIKOIREIHRIE IZ/N X <
Fig. 3.11(b) OHARITAICEE T2 FZ 5N 5. Fig. 3.13 ICEBITHBERE 2 L X 7O FHE
To(t) L IRBADIRBIIRIED & H I RBIRE R T, Rtk R, HFaflEzhThary sy ok
BAREE C =47uF, C =100pF, C =470uF CHFARERZIT-72L EOERTH L. BIrsav T
VY OHEBRBENNS KRDITONHFRPLEIIBEI L TWE I L ibnrd.

it S D HRENHRIE & 9% 0D IZ L7 FEFE I T (¢) AN & S D IRB AR 2 IDUR 3 B IR 3 <
725 - OFHIREVEHTE 2. D70, PEOERTIEC =4TpF O3> T V205,

|
|
'JU

v

Ty A TC(’) (B)

Fig. 3.12: Charging current waveform
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3.6 TEEBRIRGEROEK

filfzD 70y 7§ % Fig. 3.14 1239 . ZOHIERIK, 8 2 ZBOEHFRGERO P1H#HHERO T
1% WA ARHRTIOE S ED S RREEM Tot) AR L ZUAMIFA—Th 5. L—H—ZfEtoth
155 v1(t) ZAOHMERE e B — XA T 4 V& (F1y b A 7 AEBE wp = 0.25rad/s) (238 L THEFLL 72
%, R /2 2L DL THOCHRIE V() 285, HECHRIE V(1) & 2O EME VL D%D % PLA
HERIZ AT 5. PIAHESG O u(t) 1, EEEEIET Z & TEBIZEBI N, T % EIREE
To(t) £ LCTHWS.

Te(t) i) 2 Pl cont. _AV1
Vi
T
w(t —
//< (1) 2
/ A
|- ] LPE
v1 (1)

Fig. 3.14: Block diagram of experimental apparatus

3.7 ERER

AREN TN LEE & HIER 2 W THRENADIRIE 2 HEE—2 & 9 S HllEZR 217> 72, T OfGR
WZDOWTHRRS, V=7 E—X—DOZENIES w(t) DIRIEZ 0.05 mm, HHREREEE 516 Hz £ L7z, H
TE Vi IX Fig. 313225 C =4ATuF O3 V7 VO EE U = RIREAY To(t) O FERAE 0.1 s~2.0 s D
MCEBMEEZR 0.22V & L7z, V=7 E— X —OKE) % Bilta U IREIA D IRENHRIE A E HAIRBIZE B B W
7%, EHAZIROTH S ¢ =20 s RITEHRIRTE 2B L TV 5.

Fig. 3.15(a) IZLERFERIE S N ZBEORENLIFHISE 2 RT. W4l - BMOT 1 videhEh
Kp=50, K1 =50Tb%. FiIL—F—EREFOHMAES vi(t), FRIET OHETHRIE V1 (1), Fhk
FRIZEEAE Vi, B ERER To(¢) 29, G (¢t = 20 s) £, RRERM To(t) 2 EEFA%E
XN, =80 s BITIFHEEIRIE Vi (1) 1ZEREME—E L R AR DR TE 5. 72, Fig 3.15(b) IZRT
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LR (¢ = 299~300 s DFEIDIGE) 75, LV —H% —ZAEIOHIIES vi(t) PEEME 0.22 VIZPUERL T

WA ZEDVHERTE 5.
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Fig. 3.15: Time responses of Kp = 5.0 and K7 = 5.0
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Fig. 3.16 ({2 NZE AE RHG 5 N BRONRKRM RIS E 2R3, - B 71 vidTh T Kp =
5.0, K; =500 Th5d. WHI7r 1> Kp TR UTHEAST 1 v K BHBRIKE W E S RBERIE To(t)
FAREN L, HEEHRIE Vi (1) & BELEE 0 TIRENT 5 Z L AR T E 5.

EED, avF vy ORMER To(t) BRI Z & 2 EHBIRHIEIIC X D, PIAERRDOHLH]
74V Kp, A7 1 ¥ K 2 8YNRASIREMA O IRBRIE 2 HIEH T TED 2 ehtbhorz.

Voltage Amplitude [V]

Fig. 3.16: Time responses of Kp = 5.0 and K; = 50.0
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BA4E HERORERMGICEAT 5HE

AETIE, BIBETRELVLERBRGENLE L 25 %M2H5 720, WHITr 1> Kp, BT A
v K, BLOBEBMEIZET 2 LZERMFIZOVWTHAEL .

4.1 WOTA Y Kp, BT M1V K ICEAT 2RESRM

E2E T, AMEPIE AL T 5 EFERIRHEIEILLLE T 1 > Kp-Bn 7 A v K FHIC BT 2 %E/
RLEOBEFEG, EOME, Y (Kp = 0,Kr > 0) #8052 &, BEFE 0 T (EM) A%E (R
LE)IZI8BDZeem Uiz, B3IBTRE L LEHEFRRGIERIL, B 2EBOEHBIRGIHERO PIHEZR
DA % AT EERHES OB I Re(t) 5 FBE R To(t) 1WA E U= BUMNEF —TH % 7z b g 4t
LEHEMkIZRD EEZONS. HHRDPLE L LD MEIr 1Y Kp, BAT 1Y K %512 72O FERIIC
PHEL 7=,

HBIr A > Kp, B4~ K 2B 2850 % 3EIC A U2 f5 R % Fig. 411257, V=7 E—
R DEMFES w(t) DHRIEZ 0.05mm, HIHREREE % 5.16Hz & U7z, BEYE VF1£0.22V & U7z, D& /AR
ZEDHBNE, Bt = 290~300 s DREIDEREFRE V(1) — Vi D Ly / VLD 0.1 KL R - 2358 %%
E, TN E RLE LW LT RS, L/ RNLEDBFAMIEDME, Y (Kp =0,K; > 0) %
oz &, BEFARE 0 Tl (Bl 2LE (RLE) 1225 Zehbhrd, £, b Kp =2, K; =24
BALELD, ZE|ANLEDFEFHRD THNMIE T B 72OARKIXLE LD, ZDI s, BT
ETIEHBEMERRNZ EAEFEZO6NS (BEMEDOM LIZSHROFEL L) .

PAEEXY, GHERVNZELRBMHITA Y Kp, AT 1Y K 2 EBRINICHEL, E2ELLESR
HDFERRIZ 25 Z &b h o 7.

41



I
w
o

Integral gain K

w
o1

N
o1

N
o

=
ol

x
x
x

19
o

000 % % x

000 x % %

000 x % %
000 % % x

O stable

x unstable
— boundary

0o 1 2 3 4
Proportional gain KP

Fig. 4.1: Closed-loop stability with experiment
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4.2 BE@EICETIEESHE

JeA SR [9) T, HIERVLZELRBMHIT A Y Kp, BT AV K IZDOWTERS L UA (2.2)
DEAEMAT & 0 AR UIESEETEILE2WELTVWS. L, & (2.2) OFHNICEENSZ
NSO A =R —ICHlT B LELMECDOVTIERFI SN TR, 2 TARITIE, HIEHIZHE
T LEFRMIZDONWTA (2.2) DEGEMENT B X O FERINIZHTHAE L 7.

4.2.1 BEBEEHFEFTICEZHEE

AT, R (2.2) OEGHEIRNT 172 REEDBERBOY B L OHE OB LA RAT 5. [
ﬁﬁ%ﬁtﬁ%btﬂix~ﬁ~%Twm41&%?.ﬁ(mnwggu%&ﬁlxlmmﬁéﬁﬁ
BLUTz. BEFUROUI B LM E DL L2 HERT 5720, % Kp OFtIZ2HE IS THEIZ 1 > Kp 1X
0.0, 5.0 D2 DA, P71 Y K OBEROLAIEL1.0 & U7z, Fig.d.2 \[ZEA G OFERZRT.
& (2.2) DEABOEHLIT RTARSFLE L), ZRUSMNEIARZE (NYE) BRI hTna,
Fig. 4.2(a) 7* & HIEfEA 1.0 D5E, BHRAE K = 3.0Kp +5.5, Fig. 4.2(b) & HEEEA 0.1 DHE,
BRMME K =32Kp+375 875, ZOIZehs, HEMEEZ KE ERET 5 L ERIROUIA B L OE
NSRBI Db otz £z, YIFIEHNSS %, HEIEH6 %ML TE Y, HEDEIIZ/NE
WZ EWbho T,

Table 4.1: Eigenvalue analysis parameters of forth-order plant

Lease [ Xi[ G| o [Xo| wy [2]
Eg é?o¢<m5&50% 5
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Integral gain K,

Integral gain K,

o stable

S0 x ungtable ]

— boundary
40r -
30F R
20r
10r R
O 1 1 1 1 1 1

0 1 2 3 4 5

Proportional gain KP
(a) X{ =1.0
o stable

S0 x unstable ]

— boundary
40r R
30F R
20r R
10r R
0 1 1 1 1 1 1

0 1 2 3 4 5

Proportional gain Ko
(b) X7 =0.1

Fig. 4.2: Closed-loop stability with Eigenvalue analysis
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4.2.2 ERICLZHEE

ARIETIE, HEMIZET 2 RERMN 2 ERIICHE L ZHRICOVWTHRRS, F4.1 805, Kk
L | AL E DB TG TIIEEEN LW &, 421\ SEFROMEE DL MMITNI NI &b
HEDZEMZ DOV TIFRAER T, YN OBIERELICHEL . HEMIET 2 LERMEE KL
PE LR E Figd31ZmRd. V=T E—ROEAMEN w(t) OHIEZ 0.05mm, IIHREEE % 5.16Hz
& U7-. HEZfEIX 0.22V, 0.18V & L7z. Fig. 4.3(a) » 5, HEEDY 0.22V O5E, Kp =028 5%
BRI K = 20~23 DREIZH b, Fig. 4.3(b) »* 5, HEMEAY0.18V D&, Kp = 01281552
K =30~33 DRIz B Z ehbhrd. LD, ERIZEWTHEEZ KESRET D L LE /AL
EDBEFHRDUI NS K725 Z L bh o7z,

AREICIE, HEMEIZBET 22ERMEE R (2.2) OREAHERITS X OCERINIZHE L2, SHOMEIT,
BIETRE L EEARIRFH O LB N2 R T 720 IRl 2 K E S ERET B L LE/RLEDE
FARDU R B L MMEEDWNS KRB AN AL EZMRATEZ 2 TH 5.
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Fig. 4.3: Closed-loop stability with experiment
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BHE F&H

5.1 &

RisC T, IREIFEEBEDFEMN LR 2 MR T 2 72 O IIREMA O IRBYRIE 2 B AUl — & & 9 % HIfi
IZHEWT, TRVF—EINEFAT 5 72O I RE FERIC B S 17z a v T v Y O FHCE A & B
2R T B R R A SRR L 7.

FIETIE, THLF—EIEFA URBAOIREMRIE L2 BEE —EL T 572dic2o0ay 7y
DARBEMED KT RNERIEEEIRE L. REAO FEFIRERE UG R, FRCEA & Rk
DO HREHIRIE (SRR BIR (RNERANZ < T2 LIREMKDIRBIRIEN K E < 22) 2dH 5 I &hb
otz ZAUE, ARG [9) O AMIREUE & IREVADIREIRIEOBIR R TH D728, SFATHIZE 9]
O 58 s FEARMIE D H ) D A 28 BT D FE A A & 78 ORI 2558 U R B A o I Bl il & E A2LE — &
LT HHIHFEREIT - 72, SR, PIWHESROLHI T 1 v Kp, BHT 1 ¥ K Z#YN5ERIEHIER D
GELIRDBI L ERUT-.

BABETE, FIETRELUAHERVPLE L RE5M02MB D ZEFRMIZOVTHEL .
TAY Kp, MATA Y K 2B 2 LERME2FZBRIICHEL, W71 Y Kp-Ba7 A > K FH
IZB N BLE /AN LEDBEFRARA, EOMEE, Y1 (Kp=0,K7 >0) 222 &, BEFERE Y Nl (k-
) BLE (RE) 1275 2 e RmUTz. IT, BEEEICBET 5 20E 50 % EA EfT B & OS5I
B U7, EAMEMRTCIXEEMZ KESHEET D L LRE/AREDHEFMOUI B L THE /N E <
B mUlz. 7z, ERTIIEEEZ KESBRET D L LE/ALEDFEFIROYI I NS <25
T ERRUZ. SHRORBIE, RSCTRE L 2@ E IR O£ Al fet 2R 37201 HEE %2 K &
CBET B LRE/AZEDEAMOYR B LI MEEIWNS K BRI AN AL EMMAT LI L TH 5.
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