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Nagaoka University of Technology

There has been application of thermoacoustic phenomenon as a mean to recover and use relatively-
low-temperature waste heat energy from automobiles and factories. By applying a temperature gra-
dient to both sides of a heat regenerator having narrow flow channels installed in a tube, sound
waves in the tube are amplified and a resonance phenomenon occurs. The pressure amplitude dur-
ing spontaneous oscillation of the thermoacoustic system utilizing this phenomenon varies due to the
temperature variation of the heat source when the load is constant. When pressure amplitude greatly
decreases, spontaneous oscillation stops which results in system shutdown. In addition, because the
operating frequency is fixed due to the resonance of the acoustic system depending on the tube length
of the system, there is a problem that the energy conversion efficiency of the thermoacoustic system
is lowered due to the temperature variation of the heat source. In many researches, the minimum
temperature ratio at which spontaneous oscillation occurs has been studied for system evaluation and
improvement, however, there has been few report which deal with the temperature variation of the
heat source. In this paper, in order to solve these problems, we propose a method to maintain the
spontaneous oscillation of thermoacoustic system as a constant value and maintain maximum efficiency
against temperature variation.

In this research, we propose a thermoacoustic generator which can obtain electric power by giving
the linear generator the air column vibration inside the tube caused by thermoacoustic spontaneous
oscillation. When the load resistance constituting the electric circuit of the generator approaches
from an open circuit to the short circuit, the pressure amplitude in the tube rises. Therefore, when
the pressure amplitude decreases due to the temperature decrease, it is conceivable to reduce the
load resistance to maintain the pressure amplitude constant and to maintain spontaneous oscillation.
There is related research that steady-state oscillation control that controls the oscillation amplitude
of the oscillator to a constant value according to the output of the PI controller thereby dynamically
adjusting the load resistance connected to the vibration generator. However, it has not been applied to
thermoacoustic systems. On the other hand, the relation between the efficiency and the load resistance
value gives a convex outline. Extremum seeking control has been proposed that maximizes the output



for variation in the flow rate of the low temperature side heat exchange cooling water by mechanically
and dynamically adjusting the acoustic load connected to the thermoacoustic system . However, it has
not been applied to the control of the electrical load of the thermoacoustic generator. In this research,
in order to realize a method to (i) maintain spontaneous oscillation constant in the thermoacoustic
system against temperature variation of the waste heat source or (ii) maintain maximum efficiency,
load of thermoacoustic generator a control system that dynamically adjusts was constructed, and the
following results were obtained.

(i) steady-state oscillation control that maintains the pressure amplitude constant at the target value
Experiments showed that the load resistance is automatically adjusted so that the pressure amplitude
becomes the given target value when the temperature of the heat source is constant and the tem-
perature of the heat source changes. Since the power input to the heater decreases (increases) when
the pressure amplitude decreases (increases) by automatic control, the change in the load resistance
(increase / decrease ) appears as a change (decrease / increase) in power to keep the temperature
difference constant to the regenerator.

(ii) Extremum seeking control for maximizing generated power

Since the change in the resistance value at power generation efficiency (= generated power / in-
put power) at (i) appears relatively large in the generated power, maximization of generated power
was examined instead of maximizing power generation efficiency. Experimentally, parameters of the
extremum seeking control system (filter coefficient, perturbation amplitude and frequency) were de-
termined. We showed that when the temperature of the heat source is constant, the generated power
can be maximized by dynamically changing the load. When the initial value of the resistance value is
smaller (larger) than the resistance value giving the maximum efficiency, it has been shown that the
resistance value is automatically adjusted (decreased) by the extremum value search control.

In summary, it was shown that feasibility of feedback control of load maximizing efficiency of

thermoacoustic system in this paper.
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Table 3.1: Experimental equipment

Stack

NGK INSULATORS honey-comb ceramics
(600 cpi, | =55mm, ¢ = 50mm)

Power Amp.

YAMAHA P1000S

PC

Dell PowerEdge840
(RTAI3.6.1/Linux kernel 2.6.20.21)

A/D, D/A

CONTEC AD12-16 (PCI), DA12-4 (PCI)
(12bit, +5V, 10u sec)

Thermometer

ANRITSU HPD-2232

Cartridge heater

HAKKO HLE2101 (100W) X 20

Thermo cont.

HAKKO DGC2330
(200V Three phase power supply)

Pressure sens.

NAGANO KEIKI KP15(Chapter4)
PCB 106B51(Chapter5)

Bellows

IRIE KOKEN NS151-1
(I =17Tmm, ¢ =5lmm, k= 7.13N/mm)

Linear motor

FOSTEX FW208N

Oscilloscope

LeCroy W wave Jet 324A (200MHz)

Chiller

EYELA NCC-1110

Current Sens.

MSYSTEM M2CEC-1505-R2
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Fig. 3.1: Photograph of thermoacoustic core

Fig. 3.2: Photograph of stack
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Fig. 3.3: Photograph of linear motor
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Fig. 3.4: Photograph of voice coil
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Fig. 3.5: Electricity-feedback traveling-wave thermoacoustic electric generator with 5-stage cores
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Fig. 3.6: Photograph of linear motor
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Fig. 3.7: Photograph of linear motor
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Fig. 3.8: Relation between resistance and pressure amplitude
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Fig. 3.9: Relation between resistance and generation power
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Fig. 4.1: Block diagram of the pressure amplitude control system
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Fig. 4.2 IZARETHWEREZ BIEEE—E L T 26RO 7 1 v 7 iM% R~

Electricity-feedback traveling-wave

/— thermoacoustic electric generator —\

Temperature

l variation Pressure
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R
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| i

}
E —>| PI cont. A T(w) p !
i . :
I |
: v :
| ) :
: P /2 LPF | -] |
l !

P -+ Constant oscillation control system F-------- -’

Fig. 4.2: Block diagram of the pressure amplitude control system
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™

R(0~120 DFEHHE) 12X Y 0~120 Q O#iFAZ 1 QLA TEILTE .
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4.3 REZEELOIHE OENIRIEFEHRER

FT, PHERLE L CRELZB OGS IS EFHRIRGIE R OIELHEEST 2. Ty 13300 °C, Te &
10 °C —E & L, EJRIED Bl P* = 370Pa & L CEBREIT-7=. WhHlF A Kp EED7 AV K
ITZNZ40.04, 0.03 & L7z, #HUE R 13 40Q, HIEE L CEBRZBMG L, ENRENEFIREE 25
F T3 7%, O FE FE 50 BHGIEMEL, 200 FEGEE D TEFF 250 #01], oY v TR
0.25ms C7— X Zatdk L7, Fig. 4.3 [ZEBREREZRT. REIIET BV OMIMET p, #OmRIT
JENIRIGEOHEEN P, FHUTAMHS R, BOMMIIENRIEO BEMW P* 27 LT05. KLY, t=
50s DOHIEIBALARFIZ R 23 FIHME 40Q 70 O EIRIE 2K T S5 HmIcHEm L Tk v, BEMEIS T Tl
H% 23 B B HREUE 2 @ B0 B ICHHET LT\ D 2 &3 bhnnd.

(o))
o

—p(t)

A

0

Pressure (Pa), Resistance ({2)

50 100 150 200 250
Time (s)

Fig. 4.3: Time responses of control experiment(p, P, R for Ty=300 °C)
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4.4 REXHICHT HENRIEH EIRER

HIEME P* = 370Pa —E & L, Ty % 300 °C 705 290 °C £TH °CTFOTFIF 5 Z LIk VIREEH
5%, MUIRETE & FECHIEERREZT 7. #R%E Fig 441071, ZREROREICKHT S P, P*
(B 2R L TWD. ARENE 300 °C, #ERHE 295 °C, HHE 290 °C ORFEIGE THSH. KLY, Al
Hfi & [FERIC E JJHRIE 2 HAEE D 370Pa —EIRFF SN TWD Z L Abnsd. FUERTHOLNT R %
Fig. 4.5 1R, BE Y, ROIHMEIZ Ty = 300 °C, 295 °C, 290 °C T -EHUTx L THI 78Q, 549,
31Q Lo TEY, REMES R DIZEENRE/NE L RO %ZHI#RAS R 2+ 5 2 & Tt L
TWBEZ ENb5.

500 - - - -
Ty = 300 °C
Trr = 295 °C
— Ty =290 °C
450 - - - p* -
g
% 400 ]
i 370 omasm .
350 -
300¢ | | | | -
0 50 100 150 200 250

Time (9)

Fig. 4.4: Time responses of control experiment(l5 for temperature change)
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— Ty =300 °C
Th = 295 °C
Ty =290 °C
150 :
S 105
(D)
2 ﬂ
S 100
_U$
B
'

0 50 100 150 200 250
Time (s)

Fig. 4.5: Time responses of control experiment(R for temperature change)
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4.5 HIEEAGRO T RILEF—EHEIHE

AR RACHH ORET D721, AEiOEREHCF L7 b — 2 ~DOHBANE I R OEOEEE T
TN, B FIRSIE TR SN EPUED = 3L F— BRI 5 2 582 R, Table 4.1 (il
AR O & — 2 ~OWIIEATET) Wiora, VHIEBES Pr, BSE~OZFNVX—EHNE i),
Y. B— X OBEREE Vo =200 VEZHWT3EDOR (3.1),(3.2),(3.3) THRIILZ. 72721, Wista
72 8O FEHI RSB G BAAA T (RIS I AT 72 (3RS E RS TERT (REE %) o2
FI A0 B O EE A R

FT Wiotal (CIEE T2 &, 300, 295 °C 0 & & (Ll 6% 12 AT L~ T LT 278, 290 °C
DL EFHML TS, ZAUE, 300, 295 °C D& X FHIFNC LY P OBDICH, 2% v 7Hd T
WD Ty RO EB AT =Sl LTk, Ty MR+ 2720 nBER B AR E RN D LI B2 6

—7, 290 °C D & X FHEIC L P OBIRICEE, AZ v 7 hOEE ST —RNEK LR, Ty
EHEFFT A0 EREABRENE R L2 B2 005, Pridk, REEIC X & 97056 % (2 A
E VWA LizZ LoD, SCHK (2] TIHHEPL R % 0Q 2 5B E THIICE (L S W72 & 2 OO E
BN AT~TEQHETRRE 2D Z ERHEINTVD. RIEFRTIT R ZHl#RIZ L0 BRI
TWDH, ZOZAUITEL, FISTRO K S ICTHBEEB N RK E R DI|WPUENFIEL, BRI TIX
QI CThoTo B2 BND.

Table 4.1: Pressure control experimental results

Ty R P | Wiotal | Pr Mh—e
(°C) | (@) | (Pa) | (W) | (mW) | (%)
300 40 | 480 961 60.2 | 0.00626
No Cont. | 295 40 | 416 921 47.7 1 0.00518
290 40 | 342 885 35.5 | 0.00401
300 78 | 370 944 49.5 | 0.00524
Cont. 295 54 | 370 915 45.4 | 0.00496
290 31 | 370 887 34.5 | 0.00389
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IREAENI L THRERKNE T D720, BRDREZER L) b AN 2 S 2 R 2 15
DT ENBETHD. CITAETIE, ADNEHAOBERNNR LD 2T LOMME (MEF) ZERR
LT, MMEMTIC AT 2 BB S 2 MAE PR R A [15] 25+ 5.

MEPRZR BN, KEPOLEMD S/ N DR REEE ) 2 R AMET D 72D OBXIAE O L £ OIS
MBI D5 [16]. BAEEL AT DX LTH, #HShdFENANET 7 F a2t —2 28 ALK
FRADIZ FEE T RE 72 SR IRAR IS LV BRI 5 2 & T, ARIRMBA R i AR OB B OB L TH
NaewRET D LIRS TV 8. £2 T, AETITATEREMORORNLZHIEL TE
KA ZTE T D2FEL LT, MERRHEZEN L, BB ERICET 5720 OflER D/ Z
A—Z OFEIEE T 5. BER (REE/RAES) (TBT 2 EHUEO LT R EE N
IRE <BND -0, EEDRERNET 2ROV ICHEALOT-DREEN LR AT DREEZR .
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ARETITE ONEEZB T 5 FE O T F — DR Z KRS 572012, BH7 4 — B3y 7 HATHEA
BEEREROR CE 2 & RE ICE SR EREE LM 5.

5.1.1 BEEILEERE~NDESHZ

TRDOAT LV AEDOY =2 ) —EFZHNT, 3| T/RLEZFig. 3.5 MOEDODRINVRELLEDLLR
WEoIlEvEAEEA . EREEAZAT L CHRPUELZ T ClRE L& S OREE & OBK
D TH D Z &2 ARETIIMRET 5.

5.1.2 EHtUHYDOEELEM

REETH D BT 4 — B8y 7 TR ERER T Y =7 F—% HIZENE D320 p3,py
ELTEBMENTWEIRKRETEMLIZENEH 265 Z LT3R, £z, 45T XToEHET
% Table 3.1 T/r L7 PCB #:8{D 106B51 JE /12 o P ~ZH LT-. 4 BE TICHWTW I E DO REEE
# o KP15 (T~ TRERE I O fRe /NS < I o7z, FERTEGT 2ENFT 4 EE TORE LT
HCp ONEDEE Y 2RHT 5. FERISELZZT L THIRGEL FECHE LI L S OREET)
EDRRNNTH D Z LA RETIXETHRT 5,
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5.2 HTERBEESH P DEH

HIEZ FHTHME L2 L 2 OREEN L OBREBND OO FHERE LT, T EFNREE
BHERHT 20— AT AN Z DTy b AT B fipe ZRET D, 4 ETIIBRRFE S pr O 40 T

53 DWFE A % G ) U T2 SR 5B ) Pr 2RI LT e, WEERRHIE CIX, A oE#ic
% OB A OB 2 RR T 5720, AN L CERNZRIEEEN (TNEHEREES Py
LYB) BRETHD. KETIE, Pra2BHT 0B EN 20— 27 (L& %l L CERR T
%. PrEfR5H10llidn— A7 g VE DKy b7 REEITHE S PR RE L, i boRE
M LCERMNARKEEN 2EIMNENDD. ETRINC Pr 2HHT 50— AT A LEDH v I
7 I fipr 22 0.1Hz & L CRMENGL R 288 SR 4 Fig. 5.1 3. BE#odul & 2 584
Ro1X20Q & LT, BEHRIEa, 23 Q, B f, 1 X0.1Hz 2 52 7-.

26

810 20 230 40 50

Time (s)

Fig. 5.1: Time responses of generated power for resistance change f,,=0.1Hz

Fig. 5.1 £ VL R 1%, BEHOFLOMPUE Ry 23 8EEI%I1Z 21 Q ~ZL L TV 208 2 UTHIERIC X
DELLTRER TR, REBHITELIN TR TEEZBE LIZBEOMY ERVICL8ETHS.
=720, ADOBENCKT 2 M OBEOAEE RS ERICE W T, BEFULMED /N S A TSR IC
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RIETHBINENEEZ NS, HEEHREES Pr it R OB LT 3HREENR TS, 3#ET
R L723CHR [2] o ARHES-REE N OBE (Fig. 3.9) 75 Ry 2820 QI TiE, & LEZRER A7
WETHIE, ROEENCK LT PrIiZRMOEE L RS FTHE. bbb oTRMEERLARND
ER L7ee — 2T 4V Z DTy A7 PR DIEBENC R U ORI bR TS & & 2
. 22T, EHOEE, FEERKIIEAPIC, v R T4 NEOH y VAT EE A f, % 1THz & LT
R B8 S 7-#E R % Fig. 5.2 (TR 7.

WERBEEN Prix ROV LTREMEZR-> TS, ko T, ZHUKEOERTIE, M LEORT
ORIV u— 2T g & (B y M 7JAWKH2) &l L CHEREES Pr 2155, SHIC
I G OHIGHEZ BT DD LV mWT Y M A TR ARG 2 2 L I35 % OBEE T 5,

bl

50

26

Time ()

Fig. 5.2: Time responses of generated power for resistance change f;,,=1Hz

31



5.3 BBEIRTLOAREREEHOEE

WEERSRBIH 21T 9 7212, AR TIIETHEIUELZ FE) CTHEE L7 L OREE & BEUEOBERIZ
ONWTIEARD . BT 4 — Ry 7 TR R EE B BRI S Bt S U 7o mEAURIR SR #E 20 B BRBCIRTE &
725 £ 9 ICEIEEF OBGHRIUEZ 5P o < W K& LTAM-PIERRE 2135 2 LT, R & AR
EOHEFFR BRI L 700 2 & 2R 5. BRI E S o BRI P oA R % 5, 20,
40, 60, 70, 80, 90 Q —EIZ L7z & X OHEEREE S Pp OIS % Fig. 5.3 17T, RIZHHIE0 Q
& LT, FMINEOBSRMAZICTENC X V20 BUNIZ EFEC%IF72 R F TS TV 5.

35 - - - -

% 50 100 150 200

Time (s)

Fig. 5.3: Time responses of generated power for resistance change
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Fig. 5.3 £V REFHOMENKEWVIFL ¢ = 50 AHED Pr ORI RS T AR E V. HEHUE—EIC
303D BTG AT HK T O t = 240 B TIZ PrIFEFIRIEL 2o T ARWE S ICH 2 5. Fig. 5.3
DR=50QICLi=& &0 Py LHEEEHIRIE P % Fig. 5.4 1257, Z OO PIZEHO- D DERIC,
FRRALE SR E ~OWIERTOIE 12 o OREE AW TE Y, EEOENREITE LI THhRn. L
L, BT HNAREIN R D OHIZT THIH S PIXEROEREOEBC G+ 57 —2 & L
THHATX 5.

= 13
=) P
P
t§]25 Pr
2 12
<
D)
% 11.5
2
A, 11y
= 105| -
E
< 10 - - - -
0 50 100 150 200 240

Time ()

Fig. 5.4: Time responses of generated power and pressure amplitude for R=5 2
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Fig. 54 XV ENMEZ EREE N ORS T IIHEALRH D Z L1300 D, 2ODEFIFRLDL Y
HRLILTWND ZENLIEEEINORDL JIBIEOBIG 2 42 TEY, FHAOBRDOFREITER T 5
LOTIIRWEE RS, ZOENEZOREEDFRE LTIAEFE T OIREZRHSTFT 77— LT
Y—Far hr—7 OIREREORE L HIEERAE 2 b b, EE, @RABCHEBORE Ty &K
IRPIBAAS TS To 1213 0.1 °CRREOZE# 2R L T\ 5, F7—0OHIEEHIIRHTH D, —=T
a2y be—JOREHEOEMI2HTH L. MEREHE AT > LTANEFICE 2 5 BHLSMNC
ROEREOEHBMPBEAL TNDZ LT E LRV, LrL, RIZHLTERNRBEENINHELN
% & 9 (BB O AR E TR THIEH IS AT OBENCFEM LR EHN S LI TE 5.

Fig. 5.4 (23517 B BEHIGZ T t = 240 B LAEIE Pr 23549 2mW ZB L TV 58, ZHAL Lok 0%
I L TORND & ZERIFIC PC OF 4 A7 LA ICFKR SN Pp O¥fE% BT 30 01E EHER LT
FIT, BLEREDAN-REBNIOMGEETRT VT 7% Fig. 5.5 10R T, #iRO Pr A3 2mW R

DEE VAT ANER THABME LT, t = 100~240 D Pp OLEE %17

35 - - - -

30 l .

@nWQ

Pr
)
S

15 i — R=60 ||
10 ' | | | I — R=90
0 20 40 60 80 100

Resistance (Q)

Fig. 5.5: Relation between resistance and generated power
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Fig. 5.5 & v Bl R 125t LTl Pr OBIRITIES A2 SR BR LM E#H 2 Lnbnsd. =
OEAIE 3 D Fig. 3.9 LA THD. Lo TEBIEELEEENOERE~ZE L THIGUHEZ FH)
THIE L= L X OREEH EOBRNMEITH D = L BNHRTx, MEEREIEEZIT2 5
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5.4 BEZFEZRGE ESC (Extremum Seeking Control) RO

5.4.1 1BERRHIEZRORE

FE R SR HIEH O JFHEE % Fig. 5.6 (ZR7

Input singnal  Output singnal
o, y
Power W) LowPass

_% Filter T—— |

Target Value

_ L , — Control Signal
Po sinZmf,t —Pp sin2mif t
i N AR
5 R* ‘:‘. > Resistance (Q2)

Rosin2‘rtfpt Rosin21'rfpt
Fig. 5.6: Block diagram of the extremum seeking control system[3C#k [15] £ W S L —EINE(E IE]

PRSI TIE, Fig. 5.6 D X 5 WO A NFHEZ ROV AT AZBW TR KNIEZ #5772
OIZANZFET HHHRTHL. ANy WEHUE) 22 MEEY TEBsEL LHN GhE) b20E
B E b o TEHTH. ANEFRSITELS (RWEKRE) CEE)SEIUE, HINEATCx L TP
(RTINS RRE O IR O ZEATTIERIA, AT & 72D AT OIELEIE 5 & 2 T
B TR Z L ALFEF & FRICHIS L TENENES LIAFADEERHFELND. Lo TZDER
EHOCAINMEZOHRIMEZEETH5Z LI2XY, FIMEEIRICESITAZ ENTES.
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5.4.2 WBERRHEHROIOYIKRE

Fig. 5.7 [ZAKE THWHEEB ) 2 R AMLT D BELRRHIER O 7 7 v 7 #{X 2 R

Electricity-feedback traveling-wave
thermoacoustic electric generator

—

)

g i i g ——

Temperature
l variation
~ +
H, Cores Hy
R
Vs2 Vi
\ "’l”’/ Generated /
Power
R
l, P A
N R
}
: (: A4
1 + R K > v
| 01 e LPF k—® HPF
1 + S
}
}
: ap
| ' | sin2mfj,t
‘\\ T T T T T T T s T s T T T T s T s T s T s EE e E S 1
SEs—s = 1 Extremum seeking control system |--------- ’

Fig. 5.7: Block diagram of the extremum seeking control system

Fig. 5.7 OHIHRIZIHBNT, EFEFHIEHERO Fig. 4.2 & RERIZIRRET N Fig. 3.5 OIEEHIZHIGT
. HHUE R Z B O .0 OEEUE Ry JA Y TIRIE a,, JEEE f, O EZXE TEE 5. BEE)A T I3E
HE AT MR L CHEEREE S Pr OB L 72> THND. HEEREES Prid, 3EORK (3.1) T
B U7-WREEE S pr 2 v AT R fipy DR —NAT 4 N E TR LIES TH S, Pp O
R4y % T N A TR ff DANANAT 4 LVETHy L, Pr OBBRS 2T 3. Py OBERSY
EROBEWESZRULILGEZvIINy NATEBEE fi ou—"27 4 V2 TEELSH, (%255, ¢
X, N OLEMTHIVUTIEDHE, HRITHIUTADIE L 2%, ZOEADEEES T A > K OFES?
B L7255 % ROBEES~ELEDEDLZ EIZLD, RIFEE LN LZOFRAEIIREE
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KIETDHH~REEND.
Z OfilliER 2 FEICREEE S 2R AET D L O ICEET 27201203, ABEFEL AT AMTEDbETL
TONRTA=Z BT LHENDD.

o EENE 5 ORI ap, FIEE S,
o N — XAT A NVHENAIRAT 4 NE DT> AT EIRE 1, fn
° *jﬁm:ﬁj\b‘/])‘/K[

BAEERRHIE O T VY XL LY, HIIZHEN D ATHEEN D 2 2 5 0 ED & 512D LT O3k
DILOMEND D,

o> fi.  Jn (5.1)

722, TEDLREITHWIREZBICKHET 5700, VAT AOIREMR 82 FEFRTRDO T, Ei 7
A—=Z DERNRMEZ RO DLER D 5.
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5.5 MBIERRGED/NT A —FDIRE

KRB TERI2FATE R ZATVBER R O T A — 2 2 FZRINICRTET 5.

5.5.1 EFIE-ARIIHT HHIDEE

RIS & 0 Bl RSk U CHitl Pr OBIRIIIES L2 B0 THBB LM EH< Z L BbhoTz. K
HiTlk R OBENCH LT Pr ASIESOAMNTIXRAA OIS, A0 TR & 722 5 EERIE & 5 e 3
PRI L VR D, £, Fig. 5.1 OFRE/F L OV, EBEMHEE 0,=3 Q, MK f,=0.1Hz %
iz, FEBRER % Fig. 5.8 12”7, Ry IT##iiE 20,60,80 Q @ 3 FEFH E L7-.

Pr x45,R=280

150 Resistance, R = 80

Pr x3,R =60

-+ Resistance, R = 60

Yy
B Pr x 1.5,R=20
8 100 Resistance, R = 20
N———"
<Ay
-~
Yoy
N——"

0 20 40 60
Time (9)

Fig. 5.8: Phase between resistance and generated power for f, = 0.1Hz
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Fig. 5.8 KV Ry = 20 Q Ti%, R OEBK LT PrIZFRMTH 5. (Ry = 20 Q ORFEISE D4, i
TEERZHIBEAEN TV D T2 DIPUE R R X ITKRE L R>TWD.) Ry = 60,80 Q Tix R OEENZRL T
Pr i33¥AR L 0 BIRFICIEV. Fig. 5.5 205 Ry = 60,80 Q I3MEOL M TH 5728, Pr ¥ R OEEIC
&L CHAH & 22 o TORITIVTHIER N U — 27 ZIRET D5 L9 ICEH Z &3 TERY. Ko T, #EHO
A E S DICRLSBRETHI ET, Ry =60,80 QDL EDANEHBAOWHNHRNESTHZ L a5
5. £IT, EEHRIET ap,= 3 Q O F F TEEE KA 0.01Hz [IZE< LT, AMEIE R 28# S
R % Fig. 5.9 12" 7. Ry 1L Fig. 5.8 TAHEHADOWH TH S 2 & 2R TE 22> - 72 60,80 Q
D 2D TITFo72. Ry = 20 Q TOEBRITIT > TN, EREAELS LIz & TP XL E
FORBEISEL 2%, 207, EBIEWEE 0.1Hz TR THh -7 Ry = 20 Q ® Pg 13 0.01Hz T & [FH
DEFREHRSLEEZ LS.

140

120t
= 100
)
S|

01

20 4444444 Resistance, R = I60 I

0 200 400 600

Time (s)

Fig. 5.9: Phase between resistance and generated power for f, = 0.01Hz
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Ry = 60,80 Q T R OEEICK LT Pr I3 THSH. T bHOFERIC L EERHIE OB 0
FHUX 0.01Hz ThivX, AN & HIEARIIREO O AR TRIAE, ARITTHFEICe D Z &R0
o ER L, HAOBHCBT A EHNESMALEOICTE LT/ NS REEERND ZENEEL
WS, ZOMEHIAHZRORELE L, ZOFEFE a, =3 Q & LU THERBHIEFERZ1T 9

5.6 REZEHELOGEODHEEENRANILHIEEER

AT &L 0 BEHRIE o, % 3 Q, S f, # 0.01Hz & L CTHEEIZ 5 2 72RH, AT L CTHIIEMNER
DA TIXEAROEE), (MEOLMTITWHE 22D Z &30, BVEEIE BRI U TRl PR R il 4
AT D D DRHEGRMED— DRI STz, B RAT Y VB ENA ISR T A NEDH Y b+ 7 S fifa
F (5.1) OFMFEwZL, BERSAZMEHTE 59122 0.001Hz & L7z, £, BHor 1 v
Kri31 & Uiz, AEiTIE, ROYIIEEZ ©—27 OLEM, ARNCHE LT, MEZRRSEHIE CRPTE £

WCHBEBENNPREL LD EIICEBFHEIN DI NEREZITo72. Fig. 51013 — 27 OLEM (R =20 Q)
S WE RSB I 24T > 7245 R C, Fig. 5111340 (R =80 Q) 2»HofliERTH S.

30

Pr

18 500 1000 1500
Time ()

Fig. 5.10: Time response of extremum seeking control experiment(R = 20 Qstart)
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110

i

Time (S)
Fig. 5.11: Time response of extremum seeking control experiment(R= 80 {2start)

Fig. 510 1 W &©— 27 OLEMOBBUE (R =20 Q) MO E—2ZIZMN 5 L 91T Ry 23 2Q FREEHIN L T
WHZERbNG. =2 0EMTHS I LS ROEHE Pr 0F#NTIEL A LRMTHS. EHf
DOWEHUENS 20 BERE oo 22 LITL Y, HIEKEEN Pr TP ER->TVD LI ICRZ B,

Fig. 5.11 XV =27 OAROEGUE (R =80 Q) MH E—ZIZmhH X 5 ITEBEF.LoMPUTE 20 2
FEWD LTS 2 Ebind. REENIE—2 OEMTHD Z LD ROEEHE P 0BENTITLE A
WM TH L. BHEOPHEN R KNFEL G2 H58PUEL D /S (REW) BEIS, MREERR I
CEVIEFUEARE < (hEL) BB SND 2 Libhoio. BURORER—EDORE, AfLH
PN LS ED ZE CREEN 2R KETE L2 L 2R
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