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Abstract

27th,January,2023
Analysis of Oscillation Margin and Development of Control System Design
Tool for electricity Feedback Traveling Wave Thermoacoustic Generator
No0.19304886
SATO Haruka

Department of Mechanical Engineering
Nagaoka University of Technology

Thermoacoustic phenomena are attracting attention as a way to effectively utilize relatively low-
temperature waste of 200 to 300°C from factories and automobiles, which have been discarded into the
environment unused. There are two types of thermoacoustic generators that utilize this phenomenon: a
loop-tube traveling-wave thermoacoustic generator, which consists of a thermoacoustic core consisting
of a stack and hot and cold side heat exchangers connected to a loop-shaped tube, and a standing-
wave thermoacoustic generator, which is connected to a straight tube. It is generally known that the
traveling wave type has higher energy conversion efficiency than the standing wave type. However,
the resonance of the acoustic system depends on the tube length and the operating frequency is fixed
due to the natural vibration of the linear generator’s moving parts, so it has a problem that it cannot
respond to temperature fluctuations in the heat source and cannot maintain optimal power generation
efficiency. In addition, if a large branch tube called a resonator is installed in the loop tube to drive
the linear generator near its resonant frequency, much energy is dissipated because acoustic energy is
consumed in the resonator.

To solve these problems, a power feedback traveling wave thermoacoustic generator has been pro-
posed, which installs linear motors at both ends of the thermoacoustic core and replaces the acoustic
power feedback of the loop-tube traveling wave generator with a power feedback. However, although
it can oscillate with 5 cores, there is a problem that the total length is about 6m and the equipment
is large.

In this research, we aim to reduce the size of the device in advance of analysis so that we can
reduce the number of experiments on the actual device. the reproduction of the analysis results and
experimental results for the core 5th and 4th stages, and examined whether development could be done
in advance of the analysis. Also, we confirmed that the possibility of oscillation of the 5th and 4th core
stages when the feedback circuit is shortened by the analysis is consistent with the experiment, the
prediction accuracy of the oscillation frequency is about 3%, and the series connection of the resistor
and the capacitor is possible. By using the margin, it is possible to reduce the number of core stages
and reduce the size of the device.
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Table 3.1: Experimental equipment

Stack NGK INSULATORS
honey-comb ceramics 600 cpi
l = 55mm, ¢ = 50mm
Loudspeaker FOSTEX FW108N
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, +5 V, 10u sec)
Thermometer ANRITSU HPD-2234

Cartridge heater

HAKKO HLE1201 (100W)

Sheath heater

HAKKO SWD1040 (400W)

Thermo cont.

HAKKO DGC2310

Pressure sens.

PCB106B51(amp.:482C05)

Bellows || NS10109-1-Y
I =21lmm, ¢ = 109mm, k = 23.65N/mm
Oscilloscope LeCroy W wave Jet 324A (200MHz)

Chiller

EYELA NCC-1110
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Fig. 3.1: Photograph of thermoacoustic core

Fig. 3.2: Photograph of stack
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Fig. 3.3: Apparatus for measuring frequency response of thermoacoustic core
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Fig. 3.6: Photograph of coil
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Fig. 3.7: Apparatus for measuring frequency response of linear motor
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Fig. 3.9: Electricity-feedback thermoacoustic electric generator with 5-stage cores
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Fig. 3.10: Electricity-feedback thermoacoustic electric generator with 4-stage cores
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Fig. 3.11: Feedback circuit
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MHAX—FEIZ L D2 AN OFEEIZL > TIRATEZA 6N 5,

Gcore — Gcoren L Gcoreg * Gcorel (46)

L AT O R E B R D JH USRS DRERL

RIZ, a7 0 K BRI BUSE OREIZ DOWTEHYT %5, Fig. 3.7 DEE %2 HWT/HE
WBUSEFERZITW, VT E—XEDIEET MY 2 A H
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-1

Al A2 | |t a2
H = i (4.8)
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By —iy
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2 Us2
B2 L O HBUEE Guuper,Guanen 1, T NE N A B AT B¢
Bt Lo gy - g1z 51584 % 720 CHAD £ 5152 5B,
0

€0

Giuber (28 U TIER (4.11) KU (4.12) THZ LN 5,

A B}
5 - Gtubel B (411)
Bl A1
0 efjkLtubel
G = 4.12
tubel e_jkLtubel 0 ( )

[FRRIZ U T Grupe 128 LU TIER (4.13) RO (4.14) THRZ 515,

!/ B/
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0 e_jkLtubeQ
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A B
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DB E ER (4.16) THAR LN B,
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Z 2T, CHAIN"! X chain-scattering Ei [22] 7> 5 KRR S A F ARBANDE R E KT,

01 1 0

H) = H, (4.17)
1 0 0 —1

Gcirc = CHAIN_I(Tcirc) (418)

Teire IZBRMABEDEEY N IV ATH S

192 11
— T (4.19)
652 f)sl
Z3 1+ Za+ 23
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-7 1423
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3. TAFXFAMDLZEHR]: Geore, Gother PFAKBULENG-Z 672 & &, Fig. 4.1 DN — T RP%L
LT85 72D DBEA DM,
¢ = |1 = GioreGlner| (4.21)
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Fig. 4.1: Closed-loop system
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Fig. 4.2: Nyquist plot at cored with R=0
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Fig. 4.3: Nyquist plot at coreb with R=00

Table 4.1: Analysis result of Fig. 4.2 and Fig. 4.3
R[Q] 0 [rad] dmin fr [HZ]
0 -5.0 ]0.0124 | 36.6
00 1.1 0.4835 | 33.9
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Table 5.1: Resonance frequency at coreb with R=0
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Fig. 5.3: Nyquist plot at cored with R=0
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Table 5.2: Resonance frequency at core4 with R=0
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Fig. 5.4: Nyquist plot at core4 with R=0
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Fig. 6.1: Feedback circuit for oscillation margin to expanded

TH2DIZAVT U DENPERTH D PIIDOVWTIRRS, K 0Q ORICHEBEARZ 2S5
L OER%E Table 6.1 1R, HBIROATIZOVWTHIRT 28556%20, HIRLAVWEGSE2xTERLZNE
Fig. 6.5 2R3, &7 4 — FANy ZEEOMAGOEITH U THEITIZE > TR ONZF 1 F X Mz
Fig. 6.7 25 Fig. 6.2 (2R 7, OIXEERTHE S 7z R=0Q O RO FIRE % 36.6Hz TdH 5, Table 6.1
0, RIRTAGEORBIEERAL 72D YT Y 648uF ORE, 0.0440 TH -7z, ZHIIEEEOHED
0.0259 IZHARTH 17T TH D, ZHITED T4 — RNy ZEEIZa VT U HEEINT 5 2 & THRIRT
DHEDORMEIARL, 37 OBRBHIEICIIRFTE S Z Wb oz,

BT, Fig. 6.2 25 Fig. 6.4 1ZR T F A F 2 M &K 0 DA% A TWS D0 R=0Q KO
R=1Q TH 5., ML T4L7Q TEHBHAFREFAZTRIRLRNZ BN 5, £Z T, I7 5T
PDADT 4 — FNy ZEEETRIRT 2 iR 2 572 #2354 45 00 25 20 £ TOMT, #HbiE
LaAVT U OHBEREE LI ST 21T o 72, SIS T 2HERRBOK, FBIROWEZRL
72t D% Fig. 6.6 \ZRT, 7z, #EERLZH D% Table 6.2,Table 6.3 127373, Fig. 6.6, Table 6.1
75 Table 6.3 XV FEIUHEPME TV T U OBEBRBEEZHMIE TV & 432uF ZBICHIRL, Al
NAVT UYL DFERIZRZITEDL 2230 n 5, IREITIE I 7 OB Z FiJ7-37 4 BRORFHITAR
ARk DA 2475

37



470

‘R:

I Axis

Fig. 6.2: Nyquist plot at cored with 0f2
Fig. 6.3: Nyquist plot at cored with 12

1
I
1
=)

1
I
1 L L o~
=3

1.5
1
0.5
0.
1

=3

T
sixy Adeuigen] < - ? -

sIXy AJeuigew| SIXy AJeugeu]

0.8

38

0.4 0.6

0.2

Fig. 6.4: Nyquist plot at cored with 4.7



Table 6.1: coreb with Fig. 6.1(c) (R=01)

| CwF] [ 0[ad] | dun | fr[HZ] ]
108 0.8 0.2088 38.9
216 1.0 0.0707 37.7
324 1.2 0.0024 37.5
432 -5.1 0.0284 37.3
540 -5.1 0.0408 37.2
648 -5.0 0.0440 37.0
756 -5.0 0.0437 36.9
864 -5.0 0.0423 36.9
972 -5.0 0.0410 36.8
1080 -5.0 0.0400 36.8
10800 -5.0 0.0275 36.6
108000 -5.0 0.0261 36.6

avF UYL -5.0 0.0259 36.6

Table 6.2: coreb with Fig. 6.1(c)(R=19)

| CwF] [0 [ad] | dmin | fr[Hz] |
108 0.8 0.2164 38.9
216 1.0 0.0775 37.6
324 1.2 0.0113 37.4
432 -5.1 0.0170 37.3
540 -5.1 0.0280 37.1
648 -5.1 0.0308 | 37.0
756 -5.0 0.0305 37.0
864 -5.0 0.0296 36.9
972 -5.0 0.0286 | 36.9
1080 -5.0 0.0272 36.8
10800 -5.0 0.0156 36.6
108000 -5.0 0.0148 | 36.6

avFUYEL -5.0 | 0.0124 | 36.6
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Table 6.3: coreb with Fig. 6.1(c) (R=22)

| ClpF] |0 [ad] | dpin | frlH7] |
108 0.8 |0.2240 | 38.9
216 1.0 | 0.0842 | 37.6
324 1.1 |0.0206 | 37.4
432 -5.1 | 0.0056 | 37.2
540 -5.1 | 0.0153 | 37.1
648 -5.1 | 0.0181 | 37.0
756 -5.1 | 0.0178 | 37.0
864 -5.0 | 0.0171 | 36.9
972 -5.0 | 0.0160 | 36.9
1080 -5.0 | 0.0150 | 36.8
10800 -5.0 | 0.0057 | 36.6
108000 -5.0 | 0.0031 | 36.6

avF UYL | -5.0 | 0.0030 | 36.6

0.04° =
= 0.035 |
5 003} "oy
2ec)
0.025 | )
0.02 *
10"

C[ pF]

Fig. 6.5: dmin vs Capacitance diagram of core5 with Fig. 6.1(c)(0£2)
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Fig. 6.6: Oscillation diagram of core5 with Fig. 6.1(c)
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Fig. 6.9: Nyquist plot at coreb with 02 and 324uF
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Fig. 6.11: Nyquist plot at coreb with 02 and 540uF
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Fig. 6.12: Nyquist plot at coreb with 02 and 648uF
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Fig. 6.13: Nyquist plot at coreb with 02 and 756 uF

Fig. 6.15: Nyquist plot at coreb with 02 and 972uF
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Fig. 6.16: Nyquist plot at coreb with 02 and 1080uF
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Fig. 6.17: Nyquist plot at coreb with 0€2 and 10800uF
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AT T ABRTOESIE VT UH R AW T 4 — RNy 7 [AEIZ THRIRRBDIIEKR T & 2 it
5, FIROAEFIZDOWT Fig. 6.18 12517, F5N724%fH% Table 6.4 725 Table 6.6 (2”3, Fig. 6.18,
Table 6.4, Table 6.5, Table 6.6 & ¥ R=0Q D¢ 540uF ZEIZFHRL, Reiza>y T UL ORER
IZEDK, R=1Q ORFEEMKTH B 648uF 2 BT HHRT 5, WU T R=2Q T L DHERETH R
RUZW, 10505 2Q 2T L R7z Fig. 6.18 T, »AREOHIP CHRIRT 2FENEOSNTVDS, £
7o, WIUEDEEME L BIZZ DHEFIIHELS R o TV ERHTHIRL R BB I Loz,
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Table 6.4: core4 with Fig. 6.1(c)(R=012)

| ClpF] |6 [ad] | dyin | fr[HZ] |
108 0.6 |0.1844 | 37.3
216 1.0 | 0.0562 | 36.6
324 1.2 ]0.0246 | 36.1
432 1.2 | 0.0050 | 35.9
540 -5.0 |0.0072 | 35.8
648 -5.0 | 0.0119 | 35.8
756 -5.0 | 0.0156 | 35.7
864 -5.0 | 0.0176 | 35.6
972 4.9 |0.0189 | 35.6
1080 4.9 10.0193 | 35.6
10800 4.9 10.0143 | 35.4
108000 4.9 10.0132 | 35.3

aVFUYMEL | -49 |0.0129 | 35.3

Table 6.5: core4 with Fig. 6.1(c)(R=19)

| ClF] [0 [ad] | dwin | fi[H7] ]
108 0.6 0.1891 37.3
216 1.0 0.0683 36.5
324 1.2 0.0361 36.1
432 1.2 0.0170 35.9
540 1.3 0.0064 35.8
648 1.3 0.0032 35.7
756 -5.0 0.0029 35.7
864 -5.0 0.0049 35.6
972 -5.0 0.0067 | 35.6
1080 -5.0 0.0073 35.6
10800 -5.0 0.0044 354
108000 -5.0 0.0017 | 35.4

aVF UYL -5.0 0.0018 35.4
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Table 6.6: core4 with Fig. 6.1(c)(R=29)

| CwF] [ 0[ad | dun | fr[HZ] ]
108 0.7 0.1939 37.3
216 1.0 0.0800 36.5
324 1.1 0.0470 36.1
432 1.2 0.0279 35.9
540 1.2 0.0185 35.8
648 1.3 0.0124 35.7
756 1.3 0.0094 35.7
864 1.3 0.0073 35.6
972 1.3 0.0062 35.6
1080 1.3 0.0067 35.6
10800 1.3 0.0086 35.4
108000 1.3 0.0099 35.4

avF UYL 1.3 0.0099 35.4
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Fig. 6.18: Oscillation diagram of core4 with RC circuit
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Fig. 6.19: Oscillation diagram of core3 with RC circuit
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