ST

SASEH RIS T 2 L — > 3 VBT VR Y
2025%E7TH2H~4H

27— VRS (R0

JSASS-2025-2096

3B03  ERrZERIDHRIHT &2 FH W IREEHEE 12 B < B b iAo
REBN il il

O 152 ARz, PeREIERRS (RALK), Frh, - HFE EER), RPEES CGRAER)

Active flow control over an airfoil based on state estimation using subspace discriminant analysis
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Abstract
To realize feedback separation control, it is important to identify a low-dimensional space to represent the character-
istics of the flow field by modal analysis. The subspace method is a method to treat the subspace spanned by the sets
of extracted vector as representative of the dataset. In fluid mechanics, flow fields with different parameters are con-
sidered to be represented by different subspaces. In this study, a discriminant analysis is performed for the subspace
spanned by the modes of the pressure field on the airfoil surface obtained from the experimental data. Measurements
are carried out at different angles of attack of the airfoil, and the subspaces of each data is obtained. The proposed
method provides an index that discriminates those subspaces whether the flow is separated or attached. Furthermore,
it is demonstrated that the subspaces of the unforced flow and the flow forced by plasma actuator can be correctly

discriminated.

1. #E
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BELRFETDH . HEEHELZER T2 714 2 L
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BHEY I 21— a Y EITRIEVEE TR ZH#E
HITEZD, VIZILZA LATROVGOIREEZHET 5
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AR PR RE L 22 oG ORI b h b
EWVWHHEDD B, RERWRIERITTE T MR, EH
[E2Z 77 f# (Proper Orthogonal Decomposition: POD) [7]
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N

F2 VERREK LRI L THERAT 23077 R~
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2. BRIRFE kernel [8] & W 5.
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T, p() BB ERT 3 ERELHETH 3 ZOEXSICLTEENE (Y)Y, I LTHME
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s 7], b=y N;m 3)
r ATV, TD27 5 ARESHATIIN S, 7 T ZAPNELTHL
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BODEXIBIIADINRY U IRITS. KK DE

B, C=2r L, DB RKEDREA Xy =1L  TRIIHTES. KX (2),6), (6), (D, (10) ZHWV
MEREEDBEE Yy, =22 F5%. C0kdkro52vw T, RO BROKIIRES.

w=Ya (10)

y%ﬁ%k@ﬁ%ﬁi%tw&w;%%H«@ﬁ% @ " V'S, Ya @ Kiin(V = 11" /N)Kiaine

g o Gr—> H[I011CED, WL, € HDOXSIEA YT TS, Wa T T Kyan( — V)Kin + 2D
Wt 5. H LT, 75 2<y SRk EOT— Xt v whe 0 Kl = Vo + D01
N EREIACHIRNT B 2 L DSATRE L 72 B 2T, 1ELETOEEN 1O N KT kL, o2

COXIBNZ PV Y ZRDZICEFARAPDOE  FEAWATH 2. %7, VIiZ7 8wy ZHET5TH
HEPRBEE R DAARETH S Z eBZ VD, BE b, cBEHO7u Yy ZIE N, XN, DETOEREN 1 D
Mercer D&M [10] 2372 L TWBHE, ZDZEMT 151% N, TEl 5725 DTH 3. Ky T — 212
DWRIEKD & 512 H—AABR A EHVCIHITT 5 75 22— 3 A% LTHE SN2 — 475
ZEDTES. THH, BRI

k(xi, xj) = (Y(xi), Y(x))). 2 [Kirainlij = k(YY) (12)
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DEIT, T —2D2TDOT—X Ly MK
LCitET2. X9 2HEAET2 widX (A1) %
BRKICT2 a 2 kKDZBERRETE, Zhix
(P7S,¥)"\(PTS,¥) DIRADEH % FiOEH N2
UGS 5.

ZOHHIRZ b w FFT— 2D 5 2% X H
ATz zehs, ROXIIZPY(x) % w HFEIKE®RT
22 TillT—&2D27 I 2R T BHEHE Fpain(x;)
BB NTES.

Firain(xi) = wib(x;) = aT(Ktrain)i- (13)

ZZT, B3I (), (10) B B5RD B, (Kyain)i 1
Kpin DiFIHTHS. XBHIETOIIBT—XY, &
TAMT =& Y IR L TH—F AT

[Kiesilij = k(Y. Y)) (14)
23R, R (13) L REEDESR
Ftest(xj) = Q'T(Ktest)j (15)

ZIT522T, TAN T =207 7 X%HHT %15
B Fiea(x) 2192 28D TES. ZDXIK Fain &
Fey D=2V v FHEEZEHEL, 7R M7 =&,
Z DHHED IR D /N Fugin(x) ZFOFIBT — X x;
EEL7 I AHRIERS.

3. RBRFE

FEERTH W BB Y PA DM % Fig. 1 IR
HEEANIEEE 0.4 m, 3IE 0.4 m @ NACA0015 &%
AW, kg2 5 10% ONIEIC PA ZFLE L7z. PA D
BCIZE X 100 um, & 10 mm O 7 — 7, FEK
WIEEX 90 um, 1§ 10 mm RV A I Fr—7%H
Wi, ENEYH e LT, MEMS 7Y &ZL< A 2
o 7 % ~ (INMP621, InvenSense) # i\ /=. <4 271
7 F VIZHEDHR% 12.5-39.5% DA 28ch % [
fRCHEL, ZROoAFHMOENEEZRL 2. 5t
Wy > 7Y > ZEBE 25 kHz TfF o 72, £/, <
A 7a 7+ O FEE U OB G OENNE
(Particle Image Velocimetry: PIV) IZ & % # &35 D&t
Biio7. FRHEEIEZ 40m/s THD, BRREICES
LA 7 VAEZE 1.1x10° TH 3.
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DX BB EDOEI T Zheh 10 MRIFHI L 7.
zhzhoilfgoitfl 7 — 2 1& % DO KED
B, [HERHBERAD S NANT 2 I NEIIFHT— &
ty b2 Lz BOWTEDUM% 21 deg ¥ LT, PA
W & BRI AT - 72358 Q1% 10 FREEH L
7o, PAEIINY 2EEZ ~ERBHTA AT %

BOBETA—Z NN X 3HIHZ2To72. 2ok
T X —R Y UTERITNN— R AR

L _re

Fr= (16)

X ETCEHILE. 22T, ffidnN—X MEK
B, c 3HEELE, Us BEREETHZ. RERTE,
PA % off, F* =0.1,1,10,20 ¥ L7z &EIDOVWTZ
hzh 10 WEOF I %EITo 7. £72, A 21 deg,
F* =10 O5E 20 TEEHIIBA2 5 1 FREIE PA
% off ¥ L, 2Dtk 9 M PA OFIAGIEZ1T - 724 —
ZDF BT o7, TR E - T, FHALHBERRED
B EIRRBITER § 2 5T ORI H OFE R % FiEE
L7.

4. BRERUER

4-1 EHZEERERNIGOHAER

L7z 9 R OESZEHI D RMS EDEK T D
D% Fig. 2 1RY. HENIE N 28EcEXITL L
72fE%ZR L TW5A. RMS fEiX, /N Wil cikEhl
g O TN L, WD AIHEW 18 deg T
A COER R E L BB MHEAB RSN, TR T
b ZOMEMAMP RSN TED [11], BEAMOENEH)
BERHEESE 2 A E» SRS ML, ENESE
DOTPIZ ERTHRRE RoRIRD T2 2 L HH S
NTWVW3., —h5T, I5ICKREVTATIIENZE R
RELIBA L7z, ZTERPBEEORRBIC X - TH
BEL7-TRAOBNENRZ 522D, Mk 3 E
NEEDPRRED SEENZMETEI > TW3 Z I
XBeEZLNTVWS., ZNHDFHFER»S, KRE
BTkl 0-18 deg A TRAN, 20-24 deg % HIBER
NTHBeHEL.
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I OMEL% Fig. 31 d. #ESHIL 9 W DFY
Z/RLTW5. Fig. 3 (a) Tl&, BREITDINEIFH
THENADEBN RSN, WhdHEL T3 2y
Wahb. —H T, Fig. 3 (b) Tlx PA OERENC X - T
HEEIz o, MAPEh->THBELTWEZ L
DR XNz,
4-2 #HHEL7=POD E—F

FHHl T — & 2 HHUS L 7230044 4, 18, 22 deg ® POD
E— F% Fig. 4 1KY, AENIXEE T AL E, M
BICIZE— FOREERLTWS. T— FOERICIZ
1 BEOFHEF— 2 % H Wiz, AARRWEETIE,
FHEFE BB TIENEHER T LI RE— D
EAiCR N7 (Fig. 4 (). AR KEL{T5L, &
D &SR EMNE— FOEANZHFNIETHFRANICR SN 7
(Fig. 4 (b)). ZAUIHEEE DN E L FIFEMNICELL T
WRBZPIHBELTWReEZ NS, —HT, 4-1
HiDFE R T 22 deg TOFAUIHEEL TWB Z
MRENT=H, Fig. 4 (c) IR T & 5 1HEERA TR
BN IZERD, FHEBEORKRTENNEE T 2
E— AN

BT, W% 21 deg ¥ U CEHEI L 2= TR ARSI fEAE,
K OIERIERE D POD € — K% Fig. 5 1&/RS. E— K
DEFITI 0.3 HREIDEHIIT — 2 2wz, i 21
deg DIRMIERIHEF 21X, Fig. 4 (c) & RO R
NORMER T — FBR SN (Fig. 5 (a). PA I
X o THIBERIE % AT o 72358 35T R o gl t kK
=L, BEMTIZFLACEH LAV E S RELNZTEN
Hoh, Fig. 4 (b) ML /zE— N ko7 (Fig. 5
(b)). UL, N—X MEBEK Ft = 10 1281 3K
Hl#A, PABLEMED FICB W TRIBHIOFHAE
PRETHZ I DERINTVWEZDEEZILN
3. [12].
4-3 GDA IC& B fRITFER

GDA %175z, 4-1 HiokER%E b 2 1ZillT —
ZIZxt L, A 0-18 deg IIfFE TR (7 7 2 1),
20-24 deg \IFBERN (F 52 2) THBL LTI TR
5z £, FHHIL 10 B DS 5, FHHIBHA
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BTN 2720, ZOFHEEREAL LTRLT
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REBIZY 7R A 202G L7 HIBIAT 2 5 2 & 5tk
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EREISAF TR AN L FEEDE— FAR LN 7.

POD & — K D3R 3 #5722 M2 GDA %17 - 7= 5558,
HIBERA T D 23064 21 deg D22 HEED 7 5
12, PA T & B IRIKHIENE 1T - 723856 OF 7 22 M
N—Z FEBEEFY 231 MBSt eBER D2 5
ZICHIAIE L, GDA DY ERR iy 0 REE Z 5T
T\ Dotz 72, FEHIEIREES & HlfH
READERZ T 2 X5 2N LT, GDA X
FOBBIKREEIEZ D ZLNTE, 74— KAy 27l
W AT MCERRBRFETHZ 2R L. 5K



B TIRIRAR T R =/ JSASS-2025-2096
BASEMAEFFHBAEY I 2 L —> 3 VHEHTY VRV T A

2025%E7H2H~4H

&7 —h— U (B0

u [m/s]
4.5
3.5
2.5

15

05
(ar=3.1s b)t=33s
Fig. 8: A7 Hrt SR D ZE Ui O 37 [k 0D ZE ] A

BB 2B ¥ R LT, BN W 3522 o [10] S. Shirazi, M. T. Harandi, C. Sanderson, A. Alavi,

REZEHELTAZLICE ST 4 — RNy ZHIHS> and B. C. Lovell, “Clustering on Grassmann Man-

AT LDFEBZ HIET. ifolds via Kernel Embedding with Application to
Action Analysis”, 19th IEEE international confer-

BE ence on image processing, 781-784 (2012).

[1] J. R. Roth and X. Dai, “Optimization of the Aero- [11] R. Gerakopulos and S. Yarusevych, “Novel Time-
dynamic Plasma Actuator as an Electrohydrody- Resolved Pressure Measurements on an Airfoil at a
namic (EHD) Electrical Device”, AIAA Paper Low Reynolds Number”, AIAA Journal 50, 1189-
2006-1203 (2006). 1200 (2012).

[2] T. Ogawa, K. Asada, S. Sekimoto, T. Tatsukawa, [12] H. Aono, S. Kawai, T. Nonomura, M. Sato, K.
and K. Fujii, “Dynamic Burst Actuation to En- Fujii, and K. Okada, “Plasma-Actuator Burst-
hance the Flow Control Authority of Plasma Ac- Mode Frequency Effects on Leading-Edge Flow-
tuators”, Aerospace 2021, 8, 396 (2021). Separation Control at Reynolds Number 2.6x10°”,

[3] S. L. Brunton and B. R. Noack, “Closed-Loop Tur- AIAA Journal 55, 3789-3806 (2017).

bulence Control: Progress and Challenges”, Ap-
plied Mechanics Reviews 67, 050801 (2015).

[4] S. Shimomura, S. Sekimoto, A. Oyama, K. Fu-
jii, and H. Nishida, “Closed-Loop Flow Separation
Control Using the Deep Q Network over Airfoil”,
AIAA Journal 58, 4260-4270 (2020).

[5] J. Seidel, S. Siegel, K. Cohen, and T. McLaugh-
lin, “POD Based Separation Control on the
NACAO0015 Airfoil”, AIAA Paper 2005-297
(2005).

[6] E. A. Deem, L. N. Cattafesta, M. S. Hemati, H.
Zhang, C. Rowley, and R. Mittal, “Adaptive Sepa-
ration Control of a Laminar Boundary Layer Using
Online Dynamic Mode Decomposition”, Jounal of
Fluid Mechanics 903, A21 (2020).

(7] VA, “ERER IR X 2 TR 1. 56,
2034 30, 115-123 (2011).

[8] J. Hamm and D. D. Lee, “Grassmann Discrim-
inant Analysis: a Unifying View on Subspace-
Based Learning”, Proceedings of the 25th Interna-
tional Conference on Machine Learning, 376-383
(2008).

[9] L. Yongmin, G. Shaogang, and L. Heather,
“Recognising Trajectories of Facial Identities Us-
ing Kernel Discriminant Analysis”, Image and Vi-
sion Computing 21, 1077-1086 (2003).

©copyright 2025 by the author(s). Published by JSASS with
permission


http://www.tcpdf.org

