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Figure 1-1 Abnormality detection in data driven approach method proposed by Yairi et all. '°
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VAT APRE LB ENTWS, LL, ThooHEEY AT AT, HAICETHE
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MWTED. £, VITNVEA LT —DEZHEEL, TURARE L THEX D FFIS, #E
EEOEFIXEZRET 22 LT, MELEERMEFERTHI LN TED.
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F2E TG

2.1 wE LT HHEREL AT A

FR—=)v ) ANOHETBGG DAET 2 AT A X & LTI, WIRAFROKIKHEDK L
VAN NRATARDHD. TO—FlE LT, REFFEITHKENSBZ LK & Hiite
HETHLI ARy h AT AZ T AT 5 AQUARIUS Dl FikBRT — & & it — &
& LTS % 222, AKfHilZ AQUARIUS MDY 5, 1EENFEHL, HAICHOW TN T 5.

2.1.1 Sh-N

AQUARIUS OBARE FIZHOWTIIAT 5. KITFEENR W20, REAHEER L LTl
Z 5. Fiz, KITEREE CHREITEAIRE/RO T, @SEX 7 BREL L. Z0iw,
AKITHEREA & U /N R OHEE S 27 A & OFRIMERMENR TV S, FRICENZHWT
KEMENL, %) ANNEEHNTAKLI A Moy ME, BENS 7T, i
HNEa— IV FHAY =y IV EW. 20D, ZRETICEL KLY A MY =y MM
VAT AP E N, KV VA R oy NOEBIFEIE, KEEEIHE, KEAXKE /X
IWINOHEE LHEN 2552 L ThHD. WEROKL DA MY = v MIKOEREIC KT 555
MDA THY, RSB RIET 2 2 &N T2, —J7, AQUARIUS ¥4k
BERITDHZ LT, KB AV OEHT 5 E TR RRIRTHE A RETE 5.

2.1.2 VESE) PR

AQUARIUS OAEENFIRIZOWTHAT 2. fBHO7-DIZ, AQUARIUS Offi5 €7 V%
Figure 2-1 ({2 F & ®7z. Figure2-1 DX 512, ¥ 7, K4bL=E, / AVD=>20Da K—x
YEMBDLH., ZUTNOT T HIKETEL TS, JikE, S AV —X—ERREL
THEY, KEMATEZLTEEEZICZENTED. [ILEOBICHEEEREZHELTH
0, WBEEOPEEFIATS 2L CTRILEZBDDT-ODOBNEENTH LN TED.

Vaporization
Water Chamber Communication device
Tank
Regulation Thruster Valve
Valve Thruster
Heater &Pre-
Heater

Figure 2-1 Simple model for AQUARIUS concept.
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Figure 2-2 13 Z OHEE L 27 AOEBIEEE R L TV 5 . (EBIRFIR D & 5 72 =S DBk
W35 ENTES.

1) Thruster Valve iEHKREA—7" : Thruster Valve 4 —7"> L, J ALnbRALESE
TORNEZRRBIZR D

2) Regulation Valve A—7"> : /K% o7 & X{b#E ] D Regulation Valve % Wil 4— 7"
L, FANIROIZEFEOKETICRICES L, 632268 TE 5. Aif5E
T, o Mt & THEES ) SRS 20k, K[AEENOKPZEIE L, KEX
1% AP BAMNTES S D . R TIEZ OREOIRAEZ I T — N &S,

3) FiH  AKIFEBEDR KR E W28, SAEEITKOBERIC L VIEEMET T 5. KPESR
IZARRE LY o706, KALEDOIRENBEEDIRE E TIZHIET 5 Z & 2RO RLEN D
. ASCTIXZ OFFOIRIER IEAR R T — R LS. £72, AQUARIUS TlE&/bL=
) & SALRIBE 235 2 & C, RO Regulation Valve 4 — 7 U FEfi] 26 5.

BAPID ) TRAL=E 2 E2E5| & Liztk, 2) 3) OmfEEMEYVIKT Z & T, AQUARIUS /L
WRENZIE S CIEEN 9% . Figure 2-2 13EEDHZ /R LTV 5.

—Thrust/mN —Pressure/kPa

14

12

~Tw L~ N

R w

200 250 300 350 400

Time/s

Figure 2-2 An example of the operation history of AQUARIUS, the green line shows the pressure

inside the vaporization chamber, and the black line shows the thrust.
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1.3 TG

£

ZOHEHEL AT ATIEHZL OBV —2RE L TWD. KPEFE LU 72hE D i
ETAIIIRALRIE N FERT 57012 OO v —REERICEBE SN TS,
SALRIREE K DOEFIKARRIEN EBMR L TV D720, KALE DR 2 HIHd 5 LR H
%. AQUARIUS I BangBang filfil T £~ 72 L v P DIRSE % & — & — ON-OFF CHilfil L
TWa, BEZEHRT DI, ZO0REE P —RRIEREICRESN TS, /X)L

TRDEE 2B < Tol

) AN e —H —EIREFERE L TWT, J ALVOREEE

LN E—X—DON-OFF 22> ha—1L35%. £7-, b0y —4&%ET5
ZET, HEES AT ADREENE N EERT D2 LN TE S, Figure 2-3 13X AQUARIUS
DG Z 7R LT 5. Table 2-1 135/ 3—>Y O#BZ /R L T 5.

Table 2-1 Explanation of each AQUARIUS parts.

Chamber

N4 W& =5 B

Water Tank KB T, LT AL T T X ENEHIZAIL TN D.

Water Bladder KT Z 5, WEIZKE ANTND.

Filter PNIVTICARF DIRNZR STeDITE D 7 4 NV H—Th 5.

A VThruster | DTV DVT & VC O D LT,

valve

Delta-V DVT WHEEEBH DO A Z 2%, G Z2oH 5. TNZE1LDVTL, 2

Thruster LT 5.

Gas Drain GDV ST NDOTAZRKE T2 FEE LT T LRI S L7 T

Valve H5b.

Nozzle P NPS J ANVATDIEN 2D T2 DIl S B —Tdh 5. DVTL2

sensor D Y —%FNEH DPS1,DPS2 &9 %.

RCS Thruster | RCT V7 r7varyaryiha—Ly AT AHORAT A, &>
H5. TNEIRCTIL, 2, 3, 475,

RCS Thruster | RTV RCS @/ AV ESALEDOR OV T, i ) X)L a8 5K T

Valve FIUCKINT DN T e —T T 5.

Regulation RV B ESILEBDDALVT Th 5.

Valve

Tank Pressure | TPS 2oy DETR Y —, X NOW LT ADENZR5HE

sensor VY —TH 5.

Vaporization | VC KAbE, KO GTHE.
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VC Drain VDV SALENO T A 2R DTS VT THS.
Valve

VC P sensor VPS SALEDOE S R D T=DIE S E' Y —Thb.
Water Grain | WDV Z 7 NOKREFET DEIHE S LT THD.

Valve

Water Pressure | WPS 7T ENOKDIEN) R IZDITE S o —Th 5.
sensor

Tank P sensﬁ;s

Gas Drain Vaéigv ><]
Water Drain Vaive >
WDV

Water P sensor
WPS@

Water Tank
Water Bladder

= S
Regulation valve x4 X X Filter
RV
N NZ
AN AN

Vaporization Chamber
VC Drain Valve ] e
VDV Vapor _‘—® VCP senscl))rsxz

vl T
RCS
bk a@g e s
‘ﬂVTﬂ——l’_@OZZIﬁ gsﬁél SOt

T T—
Delta-V Thruster-Head x2 RCS Thruster-Head x4
Thermal insulator & Nozzle Thermal insulator & Nozzle

Figure 2-3 AQUARIUS system structure, red letters are abbreviations summarized in Table 2-2 22,

2.2 A LT —Z ORBANR

ABFFRITHEAEDOFRER L LT, UTORBRTHONLT —Z 2T 5.

18



SRR Bt £

Table 2-2 Explanation of AQUARIUS ground test experiment.

R4 PIES B!

RERBATO | HEHES R T | HEHE S R T AHRDBREERER T D IRENRR & 521 DAl

HRAEE) DAREN (23 Lf:?&igﬁ:/x?,&@‘wb FEkBR. B
AT LN HEOHEEIZEL TWANE I D EHERTH 2
L.

RGO | #HEE T %LVX?A${$ﬁ§%)§%h§i%ﬁ?ﬁ [T TS 2T LD

ERUN(E) DAREN REfERREBR. BOTIREEBR, HEtEL 2T A OMERE

’7T4K75>&>Z>75>& IMERERTH T &
REY A 7V | #ifs 25 HERE o A7 D BURDNIEEE Y A 7 L akBRig 1 F i L 7=k

AERTE OHIE | AHYE REfERSRRER. HARIREY 1 7 VB gt 27 A

(&) OMEREEEN B HINE I R T H L.

NI A= | HitE 2T J I FNAEERRBR DS & P8O 5 T2 DI I L 7= MERE

v R BAREN TeBaiR. o A7 SMUDOBER A 72 T1FEN SR 2 R
HZ k.

J I ARE) | HEES R T INT A =2 R ROBZENBRD T ) T AR

BV DARUN BRI T CoMRemERRER. BHiviX I S AAEENSRM
EROTHZ L.

BERAE®%RD | FHERE HEE S 27 178 EQUULEUS & #t &% o/Edakba. H

e 0 2 FRIER HIR RS, HEES 2T MIRD 7= 2 FLES)

FMTHNEER L0 E I D EMRTH L.

2.3 SRR
2.3.1 BH72F o 2 N—
A TFHBRE AR T 272012, OO EZEF = U N—REET, AQUARIUS Ot
AT LEARVEEIOHE I RER & EQUULEUS & 9 6U & Off 2 i & HE 1R & ik Br
#{To7-.

Hedte o 27 B O BARIEBY OHE /I ERER TIXER 1.2m, EX 1. Tm DAT U L 2AfF =
N—H W, UTF = N—1 LS. Figure 2-4 13T = /N— 1 DV AT AKX EHET)
HEDORMHZ R LTS, BHZEGIEMIC, v—F =R T, Z—RyFRAT, 77
AFR T DR T 1T = D% ffio7=. Table 2-3 75 Table 2-5 IZZNZENDR > 7 DAk %
RLTWAS.
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Table 2-3 Specifications of rotary pump.

A =T — TSy T4t
Model VD401
PR 670 L/min
BlEE T 0.67 Pa
F—H—EX B PRFERL 3 FIASIRE — & —
T—X—{HEE 1.5 kW, 200V
W5 VG40 34

Table 2-4 Specifications of turbo molecular pump.

A—T— PN TR
Model TG900MVAB
PEOE L 900 L/s (N)
BIEET) 1x106 Pa
B K AT A i & 3000 sccm (N»)
W5 H VG150

Table 2-5 Specifications of cryopump.

A—T1— P SIS
A4 Model ICP250L
~U Lz 7Ly Y Model Ny Lhary7Fr ot 21
PR 2500 L/s (N»)
B EET) 1.33x107 Pa
FRYE AR R 120 min
FEE B P A PP ] 150 min
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o—Z YR 7 A=A IIAFTR T — a7 o

4 N

<

<

V—2 7

N /

Figure 2-4 Experimental system for thrust measurement chamber.

Figure 2-5 External view of chamber 1 for unit operation test.

21



£ &

Figure 2-7 Turbo molecular pump
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Figure 2-9 Compressor

EQUULEUS & #A L7z 6U Offf 2 DHedE > 27 A OHEDRIERBRITER 2m, £ 3m
DAT VLV AT 2 o N—F 2 R—%FH L7, U TFF = —2 LIRS, BEZEG[XH
W= opu—2Y) =R, ADN=ZINT —RAEZ—R T, FANT 4 T a—a Ry

23



SRR Bt OB

TEES TS, F =32 ORMKIT Figure2-10 (278 LT 5. Table2-6 /> Table 2-
9IIFNETNDOR L T OMHFEERL TN D,

[ vl s e WL
| |
[ I I
Y LEE1d LS af
! @& |o-11-+ 27 |Pis-070 |2
LY
. @] WY 180 [PMB-0608]" 1
0 | e | Pri3s [
Ea N o276 1
=) RLLE A B
© - |resum|Pos-0-1[1
® - [eroz-mmn| SN [
8 [reon 4| 'vip-ules) 1
& |re7n a9 vip-uios| 1
t & [sn o [yp-uios) 1
S - [1-2n" 0o |VEPFOE | 1
_,Q,_ i) -1 | BN-109 | 1
= %
e T{hixtH3eY T™M-aF 2
& |2 47 For-91-6.35| 6
\ it. y¥asx [$ DYt .
= 7 FRCEMOY, MFC1 BFC 700-3710-3-|SEC-410NC| 1
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MFC2 FFE3  |w120-2700-3-[SEC-720NC| 1
! 8V | B [ [wpiuas [1]
. " g s
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\ o & -5 [bs 3,30 51130
N TOLERANCES 1S 8 - 1 MAFK DATE REMARKS
L W & ¢ ULESs roteofs - oo |A3|<} REVISION
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[ omr b N[ noT HTIHRAKR
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Figure 2-10 Chamber evacuation system diagram for satellite integrated propulsion test.

Table 2-6 Specifications of rotary pump used for integration test.

ATy — ULVAC
Model PKS-070

PEOREE 116.7 L/s

B=EES 2.7Pa

Table 2-7 Specifications of mechanical booster pump used for integration test.

ATy — ULVAC
Model PMB-060B

PR 1721.7 L/s

LS 4x10" Pa

Table 2-8 Specifications of oil diffusion pump used for integration test.

A — ULVAC
Model PFL-36
PExOs B 34000 L/s
BIEET) 3x10* Pa
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2.3.2 HE 710

BN ML o TRELIEENRY 7R T X M AKX > FOUELERE 2 AV -CHE) &1l
E L7, WIERORFEKIL Figure 2-11 1R LTV 5. LLUFRIEFIECOWTHAT 5,
FT, HE AT LEATANAZ U RIZEHED. RY 2 FOIEICHERT D720
2, ELERDLELILERDHD. WX —T oA NOMEEBEIEZHFHHITLZ LT, B
BHEDED., ATANAZ Y RRNEZTHRFICAZ  RPEMT D, ZOEBERY 731X
AT ANAR Y RIFNEBNNET D ENTE D, 200 L ORI Figure 2-14 27K
L7 HETIES RN BERIET 5 Z & TR CTE 5. HEABRERIZBWT, A7 ANAZ R
EHHR STV DRICEENBERMOEREY 285, ATANAX U ROEMERES ST
WIZ, Table 2-9 fiA4£D LED Z0iit # A5, LED ZFHDHAX Y RBEY M 65T
Te NN DB AR D Z LN TE L. i, HEEAIOBE &L 720, HOOME
WEDD. ZDl), EROFIh CIIERRAITS . £/, BRERROEMITEELE L
45 L LT, %% % 00T %, Figure 2-13 [ T8 EBR O FEEEHE D —1F, Figure 2-14 1
BIE DT TR DTN L TOBfRZR LTV S.

Table 2-9 Specifications of LED displacement meter.

A —TJ]— Fhw
Model 7Z4D-F04A
o H G 4 4+ 1.25mm
53 RE Spum LA
7 a7 HhH 1-5V(1.6V/mm#10%)
CA/GEAAS DCI12V-24V+10%
WEH
HENRIER

:> ERy b

(X1
By = =d b
i , izt

.

Figure 2-11 System diagram of thrust measurement system.
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Figure 2-12 Thrust stand appearance

Table 2-10 Results of weight mass measurement.

+

T IZEETZE Y O & &/mg
1 212.6
2 471.1
31 671.363
4 {8 935.633
5 {H 1166.722
6 & 1398.97
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3.6

ZI/mm

3.4

3.2

0 100 200 300 400 500 600
BFrE/s

Figure 2-13 Example of time history of calibration test.

16.00
14.00 §

y = 75.817x - 308.03 /4
12.00
10.00

8.00

73/mN

6.00

4.00

2.00

O . ——— .
4.05 4.10 4.15 4.20 4.25

ZfI/mm
Figure 2-14 The relationship between the displacement and the thrust calculated from the
displacement and the mass of the weight is approximated by a straight line, and the slope is used as a

calibration coefficient.
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HEIIDSFy, JERISx,, ZEAr e HOBUEROBIE 2 BEMREAL T 5 L,

Fr = Ax, (1)

ELTRAET 22 ENTE D, HEHOREITTITEN G OFEER £ & B ELRB DR R 22
MHHKT S, 207, HEBEEAFRRO L HICRT LR TEXS.

AF%==QEZAA—%§fiAxt=:nAA—#AAxt (2)
0A 0x;

Z 2T, HEDHIERBR OB IERERO B2 L, MEAZTHMET 5. ik L TWAENL
FHOEERZEIE 0.0015, BIEMREOERERZEIT 0.003. FHRZEALIE 0.13mm.  BIEMRENX
76mN/mm. ZHHEZHWT, RRKRELZHET DL, 0.114mN & LTELND.

2.3.3 AQUARTIUS IZBIT o P —
Z ZCTAQUARIUS IZBIFHKENE I —LREE P —DtEEEZE LD 5.

Table 2-11 Specifications of pressure sensors in water tank and bladder.
H P 0-15/psi
X TC & 2 1L AP -20-85°C

Table 2-12 Specifications of vaporization chamber pressure sensors and nozzle pressure sensors.

KIS C & 2 IR A -20-85C
H 7 dE -10-10/kPa
v | +1%FFS
RIS 250kPa

Table 2-13 Platinum thermometer for tubes, nozzles, vaporization chambers.

H -50-500°C
FAZE A +0.05%FFS
B IR 0.1s

2.4 F—XH¥

AR THW =T —XIZ ERROFEBRN LR ST —% Th 5. #FE cliiene
DT — X DL 2 Rl L WA, AWFTEIXEEE)H o DVTL & DVT2 OESEhT — & & {#
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=

H4 5. Table 2-14 1IF T 5B EL /R LT\ 5. F7= Table 2-15 & Table 2-16 (X2
NoEOF—EZDL VRTINS,

Table 2-14 Explanatory table for data set features.

R i B
DTS1/C DVTI D&
DTS2/C DVT2 OiE
DVTI1_PH/W DVTI Ot —% —~OHINES)
DVT2 PH/W DVT2 Ot —% —~DOHINES)
DPS1/kPa DTV1 @/ Z)VHIES
DPS2/kPa DTV2 @/ RVRHiES
ThrustmN | A7 A A& REHWT, BAEEOT—2 Z2HEIZE b L% OfA.
Time/s —H A 7 )LD RV A —7 L BlbEN D ORE R
VH/W SALEDO B — & —~OHINE
VPS1/kPa SAbEESZ D 1
VTS1/°C SALEIREZ D 1
VTS2/°C SALEIREZ D 2
WPS/kPa 77 FNEDIET

Table 2-15 Range of each feature value in the experiment using DVTI.

RHE G H/IMiE e KAE

DTS1/C 54.88 144.97
DVT1 PH/W 0 1.66
DPS1/kPa -0.052 2.29
Thrust/mN -2.65 18.10
Time/s 0 107
VH/W 0 19.33
VPS1/kPa -0.20 5.99
VTS1/C 28.01 4291
VTS2/C 25.57 41.84
WPS/kPa 23.50 69.14
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Table 2-16 Range of each feature value in the experiment using DVT1.

R i/ IME KA
DTS2/C 44.14 79.10
DVT2 PH /W 0 20.50
DPS2/kPa -0.095 1.98
Thrust/mN -2.65 14.17
Time/s 0 257
VH/W 0 20.50
VPS1/kPa -0.35 5.16
VTS1/C 27.55 39.69
VTS2/C 25.41 38.15
WPS/kPa 25. 84 79.83
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BIE BREEIC X DT R

1

AWF5E Tl kbR T 572 AQUARIUS OF —# ZfiH L, IiEEE fHD AT 2 4%
OHENEWET S, F1-, JIEEENE P —L ) AAFIEDE L —REE L TWDHD
EIREL, KALEENEHEE T 5. AEITTIIHM TS O FEOBEEIZ DOV TRl
5.

> T X LRSS
if,mmw4®iﬁl,Aﬁﬁ@%kﬁﬁ%@%%“ié%%ﬁ%é VAL S (ke
HARMEZHEET2-DICAVIHHMETH S, HABMEIZEEREICL > TENE
D, L34 & 3.5 TR T 5.

ANEHE HAEHE

Be B Tve Tn  Frarust

Figure 3-1 Separate input features and output features.

WIZ, T—ZOFEICEDLE T, BEFEOT — 2008 LW EEL AT, 2ok
%, BB P=T7 V7 LI T\, AFRIIRERINOT —2 2| H7-0, 77
Friga, BAERFEEE, Rolling Window |2 L 2 FFE EOFEELES. £72, ZOHEE
VAT LOYHET NV EEDE T, HILWREEZIED. T ORE 2T 5
LR —MAEMD =D, FEEOHMEBE LT LT — =% 7Y T H 503
TN T HHFEREZ NS, AW TlE K-means (i CANT — 4 %7 T A
Vo TT5. F, HEIIHEEIZBWT, K-means D A[tR LT A 7212, ERRD 50T TH
ONT=F—, F ., H_Eo &, K-means OfE % n[i{LT 5.

W2, Figure3-2 DL HIZ, FUHLNITANT—R LR T—RE20505H. FHT—4
WX LT, ABFEILSMOTE & WS T T Y AL %Mo T, A—N"—=H 7V 745,
FEES T ET MIENL LWV DOREERODEZFMT A LERH LS. RFET—
ZTRET 5L, ETABBMFRICEDL TWDLNEINEMD ZENTERWEZD, TA
NF—H LR T—2 55T HZ LT, TANT—XORBENLRRZEMIT 5.
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FRIF—REDFBF—RENIS
$BF—4

Figure 3-2 Separate train dataset and test dataset.

> TTILOEE

B T VOGN, R & RS AR OB E 7 VIRERETH D, K
IR T E T T L OINFER 2B RT 572010, FEEOEEELZMD Z LN TED
RER L FRAROEEDET VEMAEGDEDLFIETHLT Y v T NVEETEE
T 5. REAREEIRARITEROMIRN LT W LTz, BT —4 LBNT—2NRE
FELTOWDIRETHIMIT N AIREE WO BN S 5. EDIL, KOT H v T EEFED
TUHE LT F LA KL LightGBM 2195 Z & T, T—%% v oS IUEZ Iz 5 [RIFEZ,
ERMEBOEEEZ T ENTED. 20D, AMFFRIX LightGBM &7 v X L7 4 L
Z b E OB EET VR RNT 5.

> ETIEATS

FANCEBEE ET LV OEARD DA T 237 A—F &g 7 URT A —H LI
S AILBEE T CRONIZFET =X %MD Z & T, ETNDONA7RT A —H s
LRSS, BT NEINETD. AT A= 5 5kE LT, RBFFRIEZ Y
v R —F L RERGEZ A L, WU A R TA—=ZERET D, 7y Rh—F
X, FANCANA 7T A= F OMAEDEEREL, WA 78T A =2 2 RETH
TETH L. WS OREE LT, ZERGEENWD. T—2 28ty Mo, 1k
v NeTARNT—=2E LT, BYEFET—Z LT85, BRFEETLVEFEIE
L. WERKEZHET S, Z0X51g, 3XToEy MIxLT, 20X ) REHEEIT
VY, RERE DB 2 R D 5. REREDS —F @ WRRTAE A LA 38T XA —Z 3
YA 7R F A =R L LTHERT 5.

> ETAVEFMT S

TARNT =2ty bTETNVOHEREZFMT 2. FHE7 SR ERE, ) R
FEIREWNH LI, KON MHEE TIET A T —F DR A 7 )L OSFA5H#E S0 — Fe 11y
WEHRFEZE (RMSE) &7 A R —X OF X TOHES)O RMSE Z3Hli7%. RMSE %
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7-#H L, RMSE OWRTTITHEEME R Uk TH D, HxtEEE L THEHATE 5. B0
HEETIX, T A MTF—FOESHEEM & MEMD RMSE 23R L, i+ 5. ()=
RMSE #F& L T\ 5.

RMSE = (3)

ZIZTC, i XEM, 9 EEEAEER LTV,

3.2 i =T L
3.2.1 %5534 (Principal Component Analysis PCA)
T8 (PCA) 137 —% 1ty hOREEDE, 2F0V 7T —Xty OWRITETEMT
LHHETHD B, ZIRTOT — X E2ER o252 LT, ERHTT—4tEy haRT
ZLENTED., TNENORHEEDOL VUNRELRLTD, £, TSSO EFEIT T D
WEEFR T 5. ZNOORMEICRH LT, T—%&y FEERELT S, Bl 2iEX
Fr B AR 25810, FEIES NI XFFEED § % Hxgq, 3

X —X (4)

ELTETIENTED., 22T, IIXBEEDOTHME, sX)i

s(X) = (5)

T, X OBEAEERECH D
B 5 = & T, (LS X R 0, RS 110D, n KoEDT
— Xty N ERDNTT DR, RO X RIIRT M EEZD.

X,

X (6)
X‘l’l

TITC Xiepaaalt, SHEOBMEZERLTNS. ZLT, KO K5 RESHIT

X =

NatED.
Var[X;] e Cov[Xy, Xyl
s = ; : (7)
Cov[Xy, X, - Var[X,]

T, VarX),CoXYIZZ RN, X O, XY OESHEER LTS, Heliak
DEHERT T EBWTES.
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1 n
Varlx] = s()? == (= 97 (8)
i=1
1 n
CovlX, V] == > (i = D: ~ 7) ©
i=1

G EATHIEDA)RTRD L HICRT Z LN TE D,
Var[X;] (ifi=})
{COU[XL"XJ] Gfi#j)
Z LT, RFTHITHHIENHITINCK LT, BEMEE EHLSh=BE~X7 Mgk
WH. Kz, EHEOKRE SZIEFCLOHL, RO XD ICRHALT S ZLRTES.

|:Al 0
0o - /111

ZZT, U=[pyP2-DPnl, PuDP2-PalITNENA, Ay L, DEHILINTZEA T b
NThD. UlLE-T, Jux DFEELEIEERT 5T, ERDICERT L LNTE
D.

AAFFET PCA I3 scikit-learn & WD B 78 7 4 77 U 24T 5.

ij = (10)

=U"'zUu (11)

.2 K-means

K-means VE£I37 — & OFELNEZ REZ, KDY F AT — 2 23887 220072 L Ok
MEEFIETHL 2. NHOT—F22FE LTRHTL L, kFEDZ TARET DT —4
ODREXT M E LT, iZEOT—2xBNkFEBDT T AMUIIZIE L THNDENEH
MR IR BRI

ik {0 (other) 12)
ELTERTD. WEEEEMES Z LT, BEWEOFHMIBERKEZKRD L HIZERTX 5.
T (Wi Qi) = 2imq Xk Gurell x5 — pell? (13)
FHIBE A F/NCTH Z LT FRESNETE D, Zogh, REXZ MUk
Z?]=1 qik Xi
=— 14
Hi Z?’=1 qik (14)

Thd.

BANET U DR T, quE i+ 5. 20k, LROFIETH I, qu
FHET L. REBEMDIORT 5 £ TICHAZ#Y IR, 2ok, ROXHIC7 T ADFHK
BRDDHZENTED.

Ry = {x|llx — pll> < llx — pll* for  all i # k} (15)

AWFSE T O K-means |3 scikit-learn & W9 HFE 74 77V 2EHT 5.
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3.2.3 Synthetic Minority Over—sampling Technique (SMOTE)

T2ty MIARY—MRFET 25610, #HEMRRIZILIXLIEZ OBl 7 2R
L. ==Y T T NIF T T T ETT =2y bR A
B RS HETH S, Chawla HIFA—/N—H 7Y 70D SMOTE 7 L3 Y X LEREL
7227, SMOTE (X K-NN &9 7 /b3 U X A% I N TR et v TV kT 2 ik
ThbH. LW T AT 5 FIEITROBEY -

1) Figure3-3 DX 512, 7 TZANRD 70 nflOY > TNV % T o X ATEIRT 5.

@)
® o
o L, A
® [A]
@)
oo %0 ®a
A A. O
® ¢ o
® ® o

Figure 3-3 Orange triangles are data samples with few classes. The triangle inside the red frame is

one of the randomly selected data.

2) FULLTERLEET =2 ALY 7 ADEBENEOY T VE /o 5.

Figure 3-4 Find N samples of the same class around each randomly selected data.
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3) ML 7T ADEHT —X DOMNZT o Z LIAIETH LW T L EES.

Y
® o
o A A
O [a]
®
oo ®e012°a
- PO
® @ o
® ® o

Figure 3-5 Green small triangles are samples artificially created between two data of the same

class..

AMWFFE D SMOTE | imbalanced-learn API 21 4 5.

3.2.4 [ERA & REAR

> [alJFA 28
[ElffAR & RERITZENENATFHEEN O M ZFHE T DERET NV ENHET L TH
%. Figure 3-6 D L 9, Ry HR, ETOEFVMT BNz ) — RE /— RE %S Yes,No
LT ENTZY IR END. —FLIZHDHRD / — RITKRDIEE Y LW o E
THR — REMEENS. WU TORENT /) — RIZROKEG /) — R TH Y FE ) — FE LT
b, RSO 7 — RIFWEL, — REMEEND. BIXIET—2 2y Ne@,y)ET 5
L, OO, AR THW R EEDO —MEZEH L, Aox; & Moy, %z
NIRO XD ITERT D.
x; = (B (D), Pu (@), Tvc (@), Teube (D), Tn (D) (16)
Vi = Frapuse (0 17)
P, (), By(0), Ty (D), Trupe (0, Tn (D), Frapust OIZENZEIL I FHOT —F OKULELT), 7 AL
AIES), KALEIRE, F = —7RE, » AVEEEZERT. BlRAET VT —Z 2y b &
Figure 3-6 D X 9 IZ0EIT 5. T _XTOT—H Tk LT, FEEOTICKALETLILEIE
0.5kPa k¥ KZ Fiuf Afmw-&t/b% DOT =Xty M, /— RRy, R%
5. £z, FCEEZERDIRUATW, BEIFRAREZIES.
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P,c > 0.5kPa

Yes No

P>02kPa TVC>23C
Yes
Trube > 25 C Pye> 0. 3kP

Figure 3-6 Example of visualization diagram of regression tree and decision tree.

i Dy BN FERE T Itk 2D oD T )v—"7 Té%TWT AT T —#
DI & SERR O H 77— Feqi 2= (MSE) 23 B /M ﬁéio BIETDH. O A

I ZOETILOBEEE L V.
Ruoge / — RO MSE IZIRD L D IZEET 5.

Le(Rnoae) = Z(yl y)? (17)

JlEx, D JERDOSRT A—2 L LT, i \%'J/\'J)‘ & JRORIE s DORE OREILIX
(18)=UZHE S .

. . ) . 5
min [min Z (i —c)* + min 2 (i — ¢2) (18)
X;€R1(j,5) X;€R5(j,5)
::T%Qﬁ&ﬂz ﬁ%%@$Wf%%waé m,&@&~xﬁ1£%¢6
&, I OB T 5 ENENORRIZBIT AT — 22K L TWD. 2 IXR,D
— RIZBWTHEPESMEIZ(19)ICR T Z LN TE 5.
cm = ave(y;|x; € Rp,) (19)

XQO)DEIEIGIZR,, R I IT HHESI DY) “Fgh7E (MSE) /M5 X9 IT®ET
5. FREOEEEEEY IRT Z L T,EUFARE AT D.

y=f@ =) IxeR) % (20)
k=1

I(x € RIFATI xR, NIZH HIFIZ 1 ,% 9 THRWERZ 0

ZDOETNEETTHEIC, EZETHBEFETTH %ﬂ%&)éz%m%b [EHFAD
ET BT, KOBESRE ) — RIZHDLV T NVENRNANARNRT A= ThD.
H—0DRIFRKOLGE, BYORFBEDIRE, NA 7 XT A —FDOREIZLD, THRINE
SR BAHEME S B AT 6, B8 RERHEN,

> REARS
RERIZIATNFEEN O, AT —F BB LWL N—T 2 ET 20HET L TH

5. EROFEAEEIIEIFALFE U T, EWE LT, DIEORENRET MSE Db |
R habt—, VR, RO REAND I —ANE. RIRITEEENE )k
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HIWTT DS, VR E AW, ZOBBIIREROBEREKE TS, KeDITY =1%
a2 Rl T 5.

k
Le(R) = )" P(CilRypae) (1= P(GIR)) 21)
i=1

/= RRpogelL i HEH DV T A BT HEREZP(Ci|Rppge) E T 5. VR EITT_XTHr
ADZFWOMERLTNWD. DFD, SHOAELZRL TS, TV EOT—4 &
v Ma{(xpR)}ETD. 7T RjICET DT =2 HENLT DL, HHIHERIT

P(6) =5 @
TRTZENTED. Ruyoge/ — FOT—FHENR)ETDE, ZONRuoae)?oH, 7
TAJIBET 2T =28 EN Rypae) LT 2. £2T 2L, 7T A DT =517 — FRppge
BT DRI
N;(Rpoge)

P(Cj;Rnode) = P(C])P(Rnode|CJ) = N(Rnode)

(23)
ERTZENTES.
/= RRpogeMH 1/ — RELSBIEEIZ, Mo, — R%ER, H|lO /) —RERyET%
L, anELLD 7 — RIZET HERIT
Py = p(R.)
P(Rnode)

_ p(RRg)
Pr p(Rnode)

(24)

(25)

2> T 5.
/= FRypae CHEITHEIC, ZORMEN —BWOED s ZRSZ LT, HHEAEFERT
5. ZOFRHZ, VEREOBIIROXD L HICEKT I ENTE .

AL(S, Rnoae) = L(RRpoae) — (pLL(R,) + prL(RR)) (26)
min | min Z (v; — ¢1)? + min Z (vi — ¢3)? 27
X;€R1(j,5) X;€R,(j,5)

5 FGURLNTF LA R

FURRTF VA RNINX L TOT Y TNVEBETHLYD, ZOFETIVET o F L
FFMEEAREL, TN T — R NA N T oY TN EAERT D, £, ZO#ME
PEBEUTV, BESNIZT—F 050 ORDEUFARE VTR EREZ AR T 5. T4
LMIFFEEZRET DO OKREZ LR T D120, T F L7+ VAN EMTRTH
5. K3-7IWR LRI, FRADT 2 L7 4 LA FOHINIEEIRADH ) DO
BAEED. RERDT LV H LT+ VA RNOEGEIZ, APEZERTRELTWDL Y T A%k
5. T LAOREREERE LI, BRI e SN2 MEPMENRLTWT, \EEICR
2 ATREME IRV,
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TFUH LT F VA MIFFBEOREE AT LN TES., AL CHEHEEAH LZD
EENFARD T X LT+ VA NTHDLID, FIRKRD T 2 N7 5 LA NOBEEMEIZON
T 5. 313 THURAHROFBAZ R LizXL 512, /— REpIET 570N, Koy
FINRTA—=ZDOREZEIT>TWND., ZOFEEOREIZLY, pEIS/ —RiZBiTbd
45 ZRFAFEMSE) DN ORI EOEZEEICEEL TWH EE 265,

Ry / — NIZBT #7117 —4% MSE % fuse(Rm) & LT, RyMHR; ERUZHEIT D6 %25
25 &,

Afuse(Ro) = fuse(Ro) — (fMSE(Rz) + fMSE(R1)) (28)

TRTOFGENZBNT, KX (12) ODXHIICMSEZFHEATE S, TNOHOMEY fuse
ET5.

Bl ZIEK 3-2 DXL ST, KALEIETIR, N/ — KRRy, RyD I DIV TS, Z DR
(2, RULEENOBEEEL, 2RO X ITEERT D.

Afuse(Ro) + Afuse(R4)
= 29
> fuse (29)
MOREDCEEE LR L L HICFHETE 5.

P’UC

FIFRARD T o H LT 5 LA FOGEEE, TAENDEIFAICET D 0 K5 REtE 21T
WV, VR ARHEERE S LT, EEREAFMETS.

In put(xi,yi)
Decision Treel Decision Tree 2 Decision Tree3
- ‘]:“1;(96,')‘ ‘ A . fz (x0) 77‘ N 5 L f" (xi')":‘ \

‘ Majority-Voting ‘

Figure 3-7 Example of random forest of decision tree.

TR TDT AT+ L A M scikit-learn & WO T EH T A4 77 ) 24 5.
Table 3-1 |ZARMIETEHEAST2 T L X LT H VA NDNA NG A=K R L TWND.
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Table 3-1 Hyper-parameter explanation table of random forest.

INAISINT A —H BiCs]
n_estimators TUBE LT F LA MDD RO
min_samples_leaf % ) — R CBE R/ o 7
max_depth BEAROFEROES, ZONANNTA—=FEFRFELRWNE, B/
— ROFT — %73 min_samples_leaf |Z72 % £ ClET 5.

3.2.6 LightGBM

LightGBM (X~ A 7 1 Y 7 FR 2017 Rl A—7 > Y — 2L L2 EAR L [EIRARD T >4
YINFERT NI ZLD—DTHY, AT —AT 4 T D7 L—AT— 27 O
FETH B 030

BATHIT DL L, B nMOINET —Z Ik LT, BANCANT —Zx KIS D HE
ET DX =0y M1y OEEEERD 5.

n

D (30)

i=1

S|

}7:

WIZ, y, EyDFEyIERDD.

Vil =yi—y 3D

ZLTC, yllefEd s —>7 v b LT, BT AEFEESES. TF AN —DOHDAK
EFETNELT, TRXTOANx D, ROX—7 > |k

yiZ = yit —afi(x) (32)
EHEET H. ZIT, aldFEHETHD.

HIZ, y2&# _OHOETNVORHET HX—7 v LT, ZOHRET LV EFESH
L. INEHRVIETZ LT, HEROETAVEENRT L. BT ARRESIRT 2K, N
DARVBERIND LT HE, NEHOHERRIX

vt =y —afy(x) (33)
ELTHEAET L ENTES.
RBIZ, ZHOORRERHELEhED 2 LT, HEEEDRELT)

N+1

yi = Z i’ (34)
=

LT5.

LightGBM |XAEL 7 — AT ¢ v T OWREAR L BURAOTENFIZ TR L2, RBFFEIZH N
72 LightGBM DIERD AELT — AT 4 7 b O R AIZLL US> TH 5.

1) KB
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/<%,
n N
L(@®) =) 0i=y*+ ) a(f) (35)
i=1 k=1
1 T
QU)zyT+§A§Z@i (36)
j=1

ZIT, TIEETAfORD ) — RO, wlifOBKE)— FOVHETHD. fildkFE
HORTHS.

2) EAXARNTTLTILAY XL

TERDYTER & BUFARITREE 22 3 iR A v M ERT RO 0IC, JIET — & OFFSE
HEARNZTLMMETHZ LT, RERDEIRA L MRS, 259752L 7T, FHHE=aX b
Z KIEERN CE 7 FAIRRC, HEERELMRT 2L TE 5.

3) Exclusive Feature Bundling (EFB)

[FIIRFIZ B m R WERIC 72 > TV D RHERENFET 256, HEEEHR -T2 47T, &
RN ERZ RS FR 2 A F 2 KIEECTE 5. EFB 2177 2! NP-Hard R T &
0, ~A47uY7 MIZThEEGRBICERL, aiEz W TZ oRBEAE R LT
LightGBM Lt A N7 T A7 VY X LEFIHT 578, EFB M35 2 & Tt = X
M I HICRET 22 LN TES.

4) Leafwise

— AN AR DR ITEIT L~ B R T % Level-Wise /715 & RDENG R LT
< Leaf-Wise D 51ENH 5. HEHD Gradient Boosting Id Level-Wise % {# 9 3, LightGBM
ITEMEAARENED Z &N TE D Leaf-Wise 21 9 . 3-8 IR ENTZL DI, Level-Wise
DYE, /= R T =2 a8 Lictk, HEIOLELED /) — RIZHLT, SHIH%IL
T, Level-Wise [Z PHIGENEN—T7, @FEE ML LNTE D, K39 1TR
INT=E DIZ, Leaf-Wise DIGHEIT—FH D/ — R BRELTTE, BE LEDboT2 b,
FiEE S5, Level-Wise & 0 FRIBENMENL TV,
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./‘\‘ - f/:}; - .

Figure 3-8 Level -Wise, Green nodes will grow in the next step, red nodes will not grow in the

‘i# \Q \- ......

Figure 3-9 Leaf -Wise, green nodes will grow in the next step, red nodes will not grow in the next

step.

AWFFETlE~ A 7 1Y 7 h23SBA% L7z LightGBM O F A 77 U #F|f4%. LightGBM
LA RIS, A Y =B @m W, FPHRELNES WA Y v ER®H 5. REE LT
X, FV L7+ VANDEI RNy F L TOT oY T NVERFEL DB E E 72D 0
ATREPEA RO,

LightGBM (M0 D /A 7N T A —F R 32 12F L.

Table 3-2 Hyperparameter description table used for LightGbM.

INAININT A—H B
num_leaves —DDRIZH DIRRDIEDEL
max_depth —ODARDEKRIRS
learning_rate TR
feature fraction ERIARZ LT DBRIC T o 7 DR SFFHEBEOF S
reg_alpha WFE AR D T OI2fE 5 HREE D L1 IEREOfRE
reg lambda WE 22 A 701 5 L2 ERHEOFREL
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3.3 EaEr =7 )T

AMFRIIRERIN DT — X ZffioTWDH T2, 7 VRe#&E, Rolling Window
oz, F£iz, HEES AT LAOET NN LR ITTE I E ORI EEE- T2

A DOWTHT 5.

3.3.1 7 U R

WEDT =2 PBIEAHEE LT WREEICEER S 55818, MEOT—ZZH L
HEE LTHEY, HETDHIZEDANTHD. AR5 uf@%@%%@ﬁﬁ,mﬁv—
Fiz, LA DLERHOT — X LB RIZHEE L7
WEFBE L BIRA D DG, REOTF—ENLBIEEOT 2 2 fETH L L TE D,
=L, ZORBEEHESI LS, VT AL VER OB THE T HZ LI/ D. AT
Z OFRHEEE V. §il % Table 3-3 I2F & 7z,

Z e LWRSEE LT~ 72,

Table 3-3 Description table of lag features.

TEAL

(2 & D iR
. IhpbEf

VEF

7 7R

B!

DPS1_shift(n)/kPa

n FOR{T#% DPS1 & o4 —233edk L e AVHEIES 7 —
H, ZIZTnlE1,23123 ThH%b.

DPS2 _shift(n)/kPa

n #WHi#% DPS2 oV —Niskd 5 J ANRIEST —
A, ZZTnlE-1,-2,-3,123 THH.

DTSI_shift(n)/°C

n #PE#% DTSI1 & o —28Rek L-SAb R ET —,
Za Tnﬁ12&u31%5

DTS2_shift(n)/°C

n BHi#% DTS2 o —2 sk LK bLERET —
2 TnliE-1,-2,-3,123 TH 5.

?*‘

VPS1_shift(n)/kPa

n BRI VPSI & o —3iisg LT SULRESN T — 4,

ZZTnlE-1,-2,-3,1,23 TH 5.

VTSI _shift(n)/°C

n PRt VTS1 & o ¥ —3iedkd 2 5 b |iLE T —
X, 2 TnlE-1,23,123 Thh.

VTS2_shift(n)/°C

n FH[#% VIS2 & > —23iik ¥ 5 5L =i E 7 —
¥, ZZTniE1,23,123 Th5.
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3.3.2 IRF 1A oo I RF I 2

BEOT— 5 ORI RN BIERE L7 BRI ER b 2 51, BEOF—5
DRFEMEHE > THET LA ENANTHS. ziiﬁjbiﬂ %‘ff’,ﬂﬁﬁ\ﬁﬂ@ﬁ>g@ﬂ1ti@rﬁ7
=4, J RVEIES, SACERAMES), A NEINEN ORI EO R R (F o 7

Table 3-4 Description table of time integral value features.

R IR o0 e i BiA
VPS1 _integral/kPas KAL) O RIFE S E
DPSI_integral/kPas DPS1 7355gdk L7z /7 A VEIE S ORFEFE S il
DPS2_integral/kPas DPS2 23Gek L7z / RV J) O Ry 53
VH_integral/J Kb v —Z —DFIINE ) ORI RS
DVTI1_PH_integral/J DVTI /J ALt — & —OHINE ) O RS 5
DVT2_PH_integral/J DVT2 / AVt —&—OHINE S ORI

3.3.3 Rolling Window (Z & % ik &

Feature 3-13 O X 5 IZHEE L72WREZI D 7 — 7 > MRFEE O E DO NI FHEEN O OB E)
W NTRAN AR L, Fi R E A ED HE. ZOFIEIIRESRSNT — & 24 O #EE
WZBWTHDTH D 3. KFFRIZIBOMOT —Z Dffne W FfE L Eo7. 1FoT-
% Table 3-5 (ZF L 7z

HEEE
—» wmERD S
=) @AERD D
- BHERDD

Feature 3-10 Rolling Window

o
—
<)
>
Sl
|
X
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Table 3-5 Description table of features that created by Rolling Window.

3.3.4 th D R {8 &

ZRRPOERIIHES I E —FBEE L WD EEZ LD, KIEE— FHDOKILENY
BEE, EBES), LT/ AV EHRE, V) ANEIE OREEEE-T-. Fi=, /
AKIV~DEINES), KALE~DOENE ) ORI ORI EAE>7-. il % Table 3-6 IZF &
7.

Table 3-6 Description table of other features.

Rolling Window #§#&: A

DVT1 _PH_sum/J KF&H DVT1 ~OHVINE ) O#eFn
DVT2 PH_ sum/J I DVT2 ~OHIINE ) O#Fn

VH_sum/J IR RALEA~DOEIINE S D0
VTS1_mean/°C VTSI H3FEEk L 727858 T b SR O E
VTS2_mean/°C VTS2 H3FCEk L 727878 T AL SR O E
VPS1 mean/kPa VPS1 735508k L 727838t O R b= £ ) O fE
DPS1_mean/kPa DPS1 23:té% L 7= DVT1 @ J Z/VRE S OSFEHIE
DPS2 mean/kPa DPS2 235e8k L 7= DVT2 O/ Z)VHEIE S OSEHE

3.3.5 HEMES 2T LDETILINBE SN A B

R, KRR OREE, An— kLA L2, KAEENOKESE DR SR A E
ST, TR LENENOREIZOWTHAT 5.
> RS E
AQUARIUS % RFZHE T, WEHNELZHIET 5ER L7, AQUARIUS DS #filfH 4
HE4 5121k, RVOA—7 A2 oy he—1 LTW5. 77 ZNDOEI T WPS
P —DOWEMEP,ps & LT, =7V Iilidtopen &t T2 &, BHEMITITRAOLSITETZ
ENTED.
m = aPy,,s topen (37

2T, a=0.0311,n=0.696TH Y, AQUARIUS % KFFIZTHE 7= LB 5 D EBRE )
DT 4T 4V TRERTHD. /5HE5.0447 x 1074 ThH 5.
> ERiE

FEBRT —ENEKE 7 DESE RV A—F VN SERNBEOERAZFH T 5 2 L3
TX5. ZZCHEEm/kgltT5. 2L T, 1A 71D T7—2HTERALEL NN
0.2kPa DL E DR 23t L, 25K, /s & T 5.

1A I NVONEE i EEZ L TFO L HITERT H.
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(38)

<3

> RULERNITE ST KOE&E
BT IS KALE A U TR O & &R ED D RAEENIC IR - 7oK OE B2 §HH
TZ 2.

m; =m—mt (39)
> RGP
PP —F o ROREINT, KiMEEAFE L.
3
oy (oY (To=S
K _‘%(n) G;—s) (40)

Z T, Ty=288.15K, 1£o=9.69.6 X 107Pas, S = 620.15K.
> Zo— kLA LK

Ret = (41)
¢ - D
S ZTDIEAE— FOBNETH .
fAFIKASIE -
Pyge = 6.1112 ( 17.60c ) (42)
sat = O e X 243 5

AAFFNI T\ RALEDWRETH D VIS2 DIREZ A L.

> JESEK

SUbE L ) ANVORIOIETEEK, P dIRAbEILT), PIX/ ANEIOETZRL TS,
AP = P,. — P, (42)

FREOWEITIEDSUWNTEHA L7 R % Table 3-7 IZE L 5.

Table 3-7 Features based on physics.

ETANORE LD FHEE B
mas/g SULEITE - To KOS &
mass flow rate/(g/s) AHE ROV R
mass_left/g SALENITFER - T KD &
Viscosity/Pas HhMEEE
Re An— kLA VAR
Psat/kPa FALZEN DK OFEFIKFREIE T
P_Delta/kPa SAbE E 2 AVETOE TR
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3.4 BEWEE AT HE D HEE
3.4.1 K-means TZ 7 A3}

AL TIE, DVTL, DVT2 / AW LT, ZNENHMIHEEEIT>7=. £7, Table3-

8 DI INTT U H LITHESHEELD ID Z384R L 7-.

Table 3-8 Number of injections of test data and learning data.

Iz T A T —H OWESEIEK SR — & DA 5
DVTI1 81 323
DVT2 89 358

ZLTC 33 THMALIELIIC, FEET V=7 7352 L CTHRFEEEZES
Tz. T4y MIARY—MEPFIEST D AIREMEDR & D720, A —MEZ B Br< 72012,

K-means E W) 7)Y ZAZHNT, ANMHAORSESLZ 57 7 A5 HELT-.
Fz, HEINTRERE R ORI EOR TR E E L, ARkl
Table 3-9 X DVT1 & DVT2 OHE JHEE IZE N - FsEEZ R LT\ 5.

Table 3-9 Input features used for thrust estimation.

DVT1 DHENHEE I 2AT) | DVT2 OHEHEEIAEN T2 AT
R FER
Time/s Time/s
DTS1/°C DTS2/°C
VTS2/°C VTS2/°C
VTS1/°C VTS1/°C
WPS/kPa WPS/kPa
VPS1/kPa VPS1/kPa
DPS1/kPa DPS2/kPa
VH/W VH/W
DVT1 PH/W DVT2 PH/W
mass/g mass/g
DPS1_shift(n)/kPa DPS2_shift(n)/kPa
DTSI1 _shift(n)/kPa DTS2 _shift(n)/kPa
VPS1 shift(n)/kPa VPS1 shift(n)/kPa
VTSI _shift(n)/ °C VTSI _shift(n)/ °C
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+

ik

=

VTS2_shift(n)/ °C

VTS2_shift(n)/ °C

DTSI1 rolling/°C

DTS2 rolling/°C

VTS2 rolling/°C

VTS2 rolling/°C

VTSI rolling/°C

VTSI rolling/°C

VPSI1 rolling/kPa

VPS1 rolling/kPa

VH_rolling/J

VH_rolling/J

DVTI1_PH rolling/J

DVT2_PH rolling/J

DPSI1 _rolling/kPas

DPS2 rolling/kPas

DVT1_PH_sum/J

DVT2_PH_sum/J

VH_sum/J

VH_sum/J

VTSI _mean/°C

VTS1_mean/°C

VTS2 mean/°C

VTS2 mean/°C

DTS1_mean/°C

DTS2 mean/°C

DPS1_mean/kPa

DPS2_mean/kPa

VPS1 mean/kPa

VPS1 mean/kPa

P_Delta/kPa P_Delta/kPa
mass flow rate/(g/s) mass flow rate/(g/s)
viscosity/Pas viscosity/Pas
Re Re
Psat/kPa Psat/kPa

mass_left/g

mass_left/g

VPS1 integral/kPas

VPS1 integral/kPas

DPSI _integral/kPas

DPS2 integral/kPas

VH_ integral/J

VH_ integral/J

DVT1 PH integral/J

DVT1 PH integral/]

it

—H 2 DOENF D OHENEFRET D2 ERNH Y, FHHDOFERIZENT 2 >OWEE
® RMSE (39 0.32mN T %. LightGBM & 7 % A7 4 L A hOHEERER & 0.32mN & L
WL, ZMMERMEET S, F7o, BMET D=7 U e —R— T T DFE
DAENMEZREET D7201Z, Table3-10 DL 5123 DD —ATENELN LightGBM & 7 >/
HLT7 4+ VA NERWT, #HEHEL, HBELHKRTS.
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Table 3-10 Cases of thrust estimation by Random forest.

FE= =TV F——=Y Ty T
CASE1 L L
CASE2 HY 7L
CASE3 HY HY

3.4.2 LightGBM

ERETHMLE

Z T HE T HERE

K-means T/r¥tk, 8T —XDENZhd 5HIZx LT, SMOTE T
F=R—=P YT LIz, RIS, ETAVEREIES. £, @FREEZET-0IZ,
REAERTDHEONNS, TART—XEHNWT, 7A T —HZDORMSE 2#iH1 5. 28T
— X T A RNT =X O RMSE W G BRT 2BRIZ, FEELEDD.

BT =Xty MK LT, "ANNNRTGRA—=EZDF 2—=2 T3 7Y v R —F L%
AE% VD, LightGBM DA /38T 2 —H PR\, IR ED O 4 IS ENEIC
1,23 DNEIZAA 7SR F A =2 % 7Y o R —F L REREETRE Lz, RKEMRGETIE 10
OYEIT, RERBEIEEL TS, RN 123 OIEE TEE LK, N 3T A =X
DYIMEZ 9 5. FIHEZ Table 3-11 IZF & 7z,

Table 3-11 Initial value of LightGBM hyper parameter.

INAPIRT A — R HIHE
num_leaves 40
max_depth 6

learning_rate 0.1

feature fraction 0.85
reg alpha 0
reg_lambda 0

TV RP—FNfE D A 7R T A—=H DY —FFiH & KA X T A= DB E %
Table 3-12 IZF & 7=,
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Table 3-12 LightGBM Hyperparameter Grid Search Range and Priority.

INAISINTG A—H 4, Hr—F i (i3
reg_alpha 0.5,0.6,0.7,0.8,0.9,1 1
reg_lambda 0,1,2,3,4,5,6 1
num_leaves 5,6,7,8,9,10 2
max_depth 30,40,50,60,70 2
learning_rate 0.05,0.1,0.2,0.3 3
feature fraction 0.7,0.8,0.85,0.9 3

LightGBM |ZEFE N RN =D, 400 AT & MIFEET— 2 LT A N TF—2 250, Fh
ENFEIED. FHHTIRO 2 XF— 2 TITH.

1) HEEREOPLIRZEEZ TG 272512, 400 0T X AT —F 2 REL, T VA&
FHEIELH., ZLTC, 400 [BOT A MEFRO RMSE & RMSE OFEHER %KD, RMSE O
(EHEIX T A 59 5.

2) TARMT =X LT, =V A7 NVOREEBOVEHE 2RO D, Fiz, KA 7
JLOWESEOF-EHES) O RMSE &, RMSE OFEHE(R 7% 5K, RMSE D15 11X 2 5 ¥4 3
5.

EFNENDOT VT Y X L% Figure 3-11 75 Figure 3-13 I0F & 7=,
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FYELICTRMTF—REFBTF—2%5133, [

FETF—2%fEL, LightteBMZIIET 3,

BEZTEY 2.

No

Yes

BEOTYEHBH S ETVIRLREEFET 3,

Figure 3-11 LightGBM learning algorithm without feature engineering and without SMOTE.
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FYELILTRAMTF—2ERBT—2%2 %, [

FHF—2%EFHEL, LightcBME KT 3,

WEEFHET 5.

N

N+1

No

N>400

BEOFHLHBHD LETIVRLBREETFET 3.

®T

Figure 3-12 LightGBM learning algorithm with feature engineering and without SMOTE.
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TR Bt

v
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£

FAta

BBEI Y =T7YI%E1T5.

FYZLILTRAMTF— 2 EFBT—2%3T 5,

FEF—RETAIT=RIZHLT, KmeansTY FRZY 5T 3,

FBTF—RIHLT, SMOTETH—N—HY>FY»5T3,

FBTF—2%EL, LghteBMZ KT 3,

WELITET 5.

N=N+1

No
<N>400

Yes

BEOFHEFHDL S ETIVIAREZHET 2.

®T

Figure 3-13 LightGBM learning algorithm with feature engineering and SMOTE.

3.4.3 FURNT LA NERWTHEHEE

TV R —F L BEREFE TN, NNRTRA—=H e F a—=7F2%. Table3-13 127
HENT F VA RNTH =TT A7 A—=XDHFiHEZ R L TWND.
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Table 3-13 Hyperparameter grid search range for random forest.

INAIIRTG R— B, Y — T
min_samples_leaf 5,10,20,30
max_depth 5,10,50,100

TUH LT F LA ROFE A NI LightGBM & L5 & @iz, ABFZE i
ZEOFHEIE 30 Bl T > X BT —F RS BRAERHMEIIIRD — oD RE — 2 EFT .

1) 3007 A MEFD RMSE &, RMSE OFE#EREZRD 5.

2) TAMT—=ZIZX LT, =V A 7 NVOHEMOVEHe T kDD, £, K&V A 2
JVDWER DI-HET) D RMSE &, RMSE OIEHER A% KD 5.

FNENDOT VT Y X L% Figure 3-14 7> 5 Figure 3-17 IZF L D7z,
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FYELILTRMNTF—2eFBT—2%8317%, [

FETF—REE, FUELT7FLRAMNEBIES,

MEZFHET 3,

N=N+1

No

N>400

BEOTH L 38D O ETIVALREZTET 3,

BT

Figure 3-14 Random forest learning algorithm without feature engineering and without SMOTE.
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FOOCAREE

e

D

K-meansTZ 7 AR Y IF 3,

FYRLILTRMTF =R ERBT—2%311 5,

FBEF—ZICHLT, SMOTETH—N—H> TV 5T 3,

BBETF—2%EW, FYFL7+LRMEZFIES,

REZHET 3,

N=N+1

N>30

No

BEOTYEHBD O ETIVIRLIRELFET 3,

®Y

+

Figure 3-15 Random forest learning algorithm with feature engineering and SMOTE.
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FUVRLICTRNT—2ERBTF—2%3135, [~

BFBT—2%EL, FYELT7HLARMZIBRSES,

M2 S 3.

N=N+1

No

N>30

BEOFHEHBH L ETIVRLREETET 3,

®rY

Figure 3-16 Random forest learning algorithm with feature engineering and without SMOTE.
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3.5 Mtk 78 2 W= S b E HEE

3.5.1 AFET— N, HERFET— FOYE

HetE s 27 AEENIRIC, SULSITRIE T — FOIREEZR D)y, FEERIETE— ROIREEZR D)
ITKALRIE N EE L EREL TV D, JENRFORKIRZEIT 0.2kPa TH D72, ARHFE TIER

{L==IEM 0.2kPa LA FORfIZ, FEARFEE— K,

0.2kP LA EDOBFIZFEE— R ET 5. &dk

FBIENEHET DRI, ENERBARALMET 2720, AFRTITIRET2001%, £7°
AHRE—RDEIDERERDT VX L7+ LA NCHEI AT 5. 2L T, ABE—FD
T EH 2 MNTIENZHET 5. HAEE— FOLAENZ kPa & §25. E—F
T OFEIRFE T 5 L Tld Table3-14 O X 9 72 E 2= ET 5.

Table 3-14 Features used for mode judgment.

DVT1 ZfE T 25512 2838E— K
EIOEHEET LA W R

DVT2 ZfE 3 2 A28 %€ — Fa»
E D InEHET D5E MV T REE

Time/s Time/s
DTS1/°C DTS2/°C
VTS2/°C VTS2/°C
VTS1/°C VTS1/°C
WPS/kPa WPS/kPa

VH/W VH/W

DVT1_PH/W DVT2 PH/W
mass/g mass/g

DTS1 shift(n)/kPa

DTS2 shift(n)/kPa

VTSI _shift(n)/ °C

VTSI _shift(n)/ °C

VTS2_shift(n)/ °C

VTS2_shift(n)/ °C

DTS1 rolling/°C

DTS2 rolling/°C

VTS2 rolling/°C

VTS2 rolling/°C

VTSI rolling/°C

VTSI rolling/°C

VH_rolling/J

VH_rolling/J

DVT1 _PH rolling/]

DVT2 _PH rolling/J

viscosity/Pas

viscosity/Pas

Re

Re

VH_ integral/J

VH_ integral/J

DVTI1 _PH integral/]

DVTI1_PH integral/J
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T=HEy FDO%EFET =2 L LTIV F LTEY, Y D20%ET A hTF—H &
LT, TFLVOREZBGET 5. (AFERFPR & ERTPRE M5, TN ENOERIZLL

Teb.

Z 2T, TP, FP, FN, TN% Table3-16 IZF L ¥ 5.
R, HETIIAREE—ROT—ZOEEZE®RL TS,

FPR = Fp
" FP+TN

TPR = i
" TP+ FN

(43)

(44)

TPIZEGME, HEER RN ET—
FP AR50, HEEHRE RN RIEE—

R, BETIIHEEE—FOT—FDOEEEKRLTWD. FNEIE, HERMRNPIEREE—
R, BETIEIABE—FOT—FDREEKRL TS, TNEIE, HERRPEEE—F,
BETIHERE-FOT—FOREE®RL TWVD.

Table 3-15 Definition of True positive TP, False positive FP, False negative FN, True negative

TN
EIES
REET—N HHRFEE—F
BREE—R TP FP
HeE —
HaFEET—F FN TN

INA PINT A —Z DIEFENL 3.4 OHEDHEE & R U —F#H & 9IHED 7Y » F9—F

& REMGEE WS

3.5.2 KAL) OHEE

SULEIE N EZHEET S, LightGBM & 7 0 X L7 4 LA 2T, ZREE— N TOR
{b=HET) (VPS1) OF —FZHETDH. FE= V=7 U 7O L SMOTE IZ L%
=R TN T O RERRAET H72DIZ, Table 3-16 D X H 12, 2 >DOET /NVILIZLL
T 3ODHEEIT-TZ. TN XLE34 LRILCTHD.

Table 3-16 Cases of vaporization chamber pressure estimation.

HeEr =707 A== H 7Y T
CASE1 L 2L
CASE2 HY 7L
CASE3 HY HY
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A 27NT A —Z OBRTENL 3.4 OHENHEE &[] Y —FH#H & MIEIED 7Y » Rh—F
LAGEMGEE WD, F12, RULEES), J ANVEIENRRMTHD Z L2 RET D7
O, FET V=7 ) 7 H%ORHEE S LT Table 3-17 D & 9 (2 AT H O FF#E % {6
MT5.

Table 3-17 Features used to estimate vaporization chamber pressure (VPS1).

DVTL Z M 286 VPS1 v —F
— 2 2 HEET D 5E HOI R i E

DVT2 Z#fE 3 5854 VPS1 & o —
T— X EHEET DA O T RS E

Time/s Time/s
DTS1/°C DTS2/°C
VTS2/°C VTS2/°C
VTS1/°C VTS1/°C
WPS/kPa WPS/kPa

VH/W VH/W

DVT1_PH/W DVT2 PH/W
mass/g mass/g

DTS1 shift(n)/kPa

DTS2 shift(n)/kPa

VTS1_shift(n)/ °C

VTSI _shift(n)/ °C

VTS2_shift(n)/ °C

VTS2_shift(n)/ °C

DTS1 rolling/°C

DTS2 rolling/°C

VTS2 rolling/°C

VTS2 rolling/°C

VTSI rolling/°C

VTSI rolling/°C

VH_rolling/J

VH_rolling/J

DVTI1_PH_rolling/J

DVT2_PH rolling/J

DVTI1_PH_sum/J

DVT2 PH sum/J

VH_sum/J VH_sum/J
viscosity/Pas viscosity/Pas
mass_left/g mass_left/g

VH_ integral/J

VH_ integral/J

DVTI1 _PH integral/]

DVTI1_PH integral/J
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4.1 HEDHEEMHT ORER

4.1.1 K-means @27 T A%V o 7 OfER-% FEr5 o8 TRl 4k

Figure 4-1 X DVT1 12k L CREBEE D= =T U 7 SN 75 E % K-means T/HFH
L7ct%, &7 7 ABTT — 2 OROERERLTWNAD.

12000 A

10000 A

8000 A

Number

6000 -

4000

2000 A

Classl Class2 Class3 Class4 Class5

Figure 4-1 Result of K-means classification class in thrust estimation for DVT1.

Figure 4-2 X DVT2 (Z56f L CHRMEBE D= V=7 U v 7 S T-Ff % K-means T3 %A
Lictk, &7 7 ABTT — X OEOFMERERLTND.

17500

15000 -

12500 A

10000 A

Number

7500 -

5000 ~

2500 A

Class1 Class2 Class3 Class4 Class5

Figure 4-2 Result of K-means classification class in thrust estimation for DVT2.
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Figure 4-1 & Figure 4-2 O 000727 7 ZATIIARE—MENFEL TV D, £, ESy

IIINOZWGTTT — 2 ZEMT D2 LT, 7T A0 2k T 52 LA T&E%. DVTIL

EDVI2IZH LT, #—, =, ZERITOEA T MVORIICHEER > T, EALO 10

(B FFRE DR R % Figure 4-3 7> 5 Figure 4-9 [ZF L 7=,

Absolute value in DVT1_PC1

DPS1/kPa
VPS1/kPa
VPS1_shift(-1)/kPa
DPS1_shift{-1)/kPa
P_DeltajkPa
VPS1_shift(-2)/kPa
DPS1_shift(-2)/kPa
DPS1_shift{+1)/kPa
VPS1_shift(-3)/kPa

VPS1_shift{+1)/kPa

DTS1_shift(+2)/°C
DTS1_rolling/°C
DTS1_shift(+1)/°C
DTS1_shift(+3)/°C
DTS1/°C
viscosity/Pas
DTS2_mean/°C
DTS1_shift(-1)/°C
DTS1_shift(-2)/°C

DTS1_shift(-3)/°C

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Figure 4-3 In DVT1’s case, the absolute value taken for each component of the eigenvector of the
first principal component, and the top 10 features and the absolute value of the component.
Absolute value in DVT1_PC2
O.bO O.bS O.iO O.iS 0.‘20 0.‘25 0.50 0.55 0.40

Figure 4-4 In DVT1’s case, the absolute value taken for each component of the eigenvector of the

second principal component, and the top 10 features and the absolute value of the component.
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Absolute value in DVT1_PC3

£ &

VTS2_rolling/°C
VTS2_shift(+2)/°C

VTS1_rolling/°C
VTS1_shift(+2)/°C
VTS1_shift(+3)/°C
VTS2_shift(+3)/°C
VTS2_shift(+1)/°C
VTS1_shift(+1)/°C
DVT1_PH_rolling/)

Re

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0.35

Figure 4-5 In DVT1’s case, the absolute value taken for each component of the eigenvector of the

third principal component, and the top 10 features and the absolute value of the component.

Absolute value in DVT2_PC1

0.40

VPS1/kPa
DPS2/kPa
VPS1_shift(-1)/kPa
P_Delta/kPa
DPS2_shift(-1)/kPa
VPS1_shift(-2)/kPa
DPS2_shift(-2)/kPa
DPS2_shift(+1)/kPa

VPS1_shift(-3)/kPa

VPS1_shift(+1)/kPa

0.00 0.05 0.10 015 0.20 0.25 030

first principal component, and the top 10 features and the absolute value of the component.

Absolute value in DVT2_PC2

035

Figure 4-6 In DVT2’s case, the absolute value taken for each component of the eigenvector of the

0.40

DTS2 _rolling/°C
DTS2_shift(+2)/°C
DTS2_shift(+3)/°C

VTS1_rolling/°C
VTS1_shift(+2)/°C

VTS2_rolling/°C
VTS2_shift(+2)/°C

DTS_shift(+1)/°C
VTS1_shift(+3)/°C

VTS2_shift(+3)/°C

F T T T T T T

0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 4-7 In DVT1’s case, the absolute value taken for each component of the eigenvector of the

second principal component, and the top 10 features and the absolute value of the component.
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Absolute value in DVT2_PC3

VTS1_mean/°C
VTS1/°C
VTS2_mean/°C
Psat/kPa
VTS2/°C
VH_sum/J
DVT2_PH_sum/}
VTS2_shift(-1)/°C
DPS2_mean/°C

VPS1_mean/°C

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Figure 4-8 In DVT1’s case, the absolute value taken for each component of the eigenvector of the

third principal component, and the top 10 features and the absolute value of the component.

Figure 4-3 725 Figure 4-9 OFERN D, H—FEMMITEICKILELES & 7 ZVIET) OF#H
MBS TND. B ERDEEIL ) AVRENL > TWD. KifEb Ao TWDHA, #h
PEZ ) ZVRENORIRSNTMETH L. F=Flm3FEL, [UBERENS 2> Tn
%. LUF, Figure 4-9 7°5 Figure 4-14 (3 DVTI1, DVT2 (25 L C K8 T Sz Tk
53 Z R & FERNC L7260 77 7 AR LTV 5.

Principal Component Analysis

® Classl
41 ® Class2
@® Class3
3 @® Class4
g Class5
o
9]
(%]
T 21
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-2 =1 0 1 2 3
The first principal component score

Figure 4-9 Visualization of clustering results by K-means for DVT1. The horizontal and vertical axes

are the first and second principal components.
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Principal Component Analysis

The third principal component score
N

Classl
Class2
Class3
Class4
Class5

-2 -1 0 1
The first principal component score

+

Fik

=

it

Figure 4-4-10 Visualization of clustering results by K-means for DVT1. The horizontal and vertical

axes are the first and third principal components.

Principal Component Analysis

The third principal component score

Classl
Class2
Class3
Class4
Class5

-4 -3 =2 -1 0 1 2
The second principal component score

3

Figure 4-11 Visualization of clustering results by K-means for DVT1. The horizontal and vertical

axes are the second and third principal components.
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Principal Component Analysis
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The first principal component score
Figure 4-12 Visualization of clustering results by K-means for DVT2. The horizontal and vertical

axes are the first and second principal components.
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Figure 4-13 Visualization of clustering results by K-means for DVT2. The horizontal and vertical

axes are the first and third principal components.
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Principal Component Analysis

Classl
Class2
Class3
Class4
Class5

o
4. ¢
(<]

The third principal component score

0 2 4 6
The second principal component score

Figure 4-14 Visualization of clustering results by K-means for DVT2. The horizontal and vertical

axes are the first and third principal components.

4.1.2 LightGBM & 7 ZF L7 5 L A & HWT-HHHEE

O DIZ, 3=ETHHA L3 2O 7 —Z 2% LT, DVTI & DVT2 J X)L %4
DA, AL D% AT Table 4-1 O L 5 721772, 121X DVT1 @ CASE3 |Z
FUWT LightGBM % 9 %5412 DVT1_SMOTE_FE LGBM & 3 %.

Table 4-1 Thrust estimation cases.

LightGBM TURENT F LA B
CASEl LGBM RFT
CASE2 FE_ LGBM FE_RFT
CASE3 SMOTE_FE_LGBM SMOTE_FE RFT

F7o, AR TIILEREE 7Y v R —F 2 AW T, LightGBM & 7 % L7 4 L A
RDINA 7R T A — K 538 7E LT, Table4-2, Table 4-3 I3 AMRFETIE OG-/ /38T
A—=ZDFEREZTRLTND.
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Table 4-2 LightGBM hyperparameter results in DVT1 thrust estimation selected by cross-validation

and grid search.

A PTG B, fi
reg_alpha 3
reg_lambda 1
num_leaves 50
max_depth 10
learning_rate 0.05
feature fraction 0.8

Table 4-3 LightGBM hyperparameter results in DVT?2 thrust estimation selected by cross-validation

and grid search.

ARG A =24, [
reg alpha 2
reg_lambda 2
num_leaves 70
max_depth 10
learning_rate 0.05
feature fraction 0.85

Table 4-2 & Table 4-3 05, ZALENATINA /XX T A —Z PNEIE I LT Z ENGN

ST,

FURARNTF VA NDF 2a—= TFER % Table 4-7 & Table 4-8 IZF & 7=,

Table 4-4 Randomforest hyperparameter results in DVT1 thrust estimation selected by cross-

validation and grid search.

INAININT A= B A, il
min_samples leaf 5
max_depth 30

Table 4-5 Randomforest hyperparameter results in DVT2 thrust estimation selected by cross-

validation and grid search.

INA PG A B 4, fis
min_samples_leaf 5
max_depth 30
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FHE 1, BEERICRT AT A M T —% OHES) L HEEEHET) D RMSE & RMSE DR R 7=
THHiE9 5. #5R% Figure 4-15 I &7z,

0.7
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0.507
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\T 0.441 043 : :
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RMSE/mN

o
=

Figure 4-15 Thrust error evaluation at each time. The vertical axis shows RMSE. Error bars indicate

standard deviation of RMSE.

FEAM 2., BMEE A 7 L OSHHE S D RMSE &, RMSE OEHERZE TR+ 5. DVTI,
DVT2 12k} U COHEEREEE OFEAM 2 D% R % Figure 4-16 ([ZF L7

o4 M LightGBM_Noozlel B RandomForest_Nozzlel
016 LightGBM_Nozzle2 m RandomForest_Nozzle2
0.14
0.12 0.101.0-1065 0.108, Ot 0.105 0.108
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Figure 4-16 RMSE of average thrust of each injection cycle and standard deviation of RMSE.
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S 1 OFE R S, RMSE 1O 2757 5 1E L7=#HE/) D RMSE @ 0.32mN L ¥ &
N, FNOM[BUNICIZ D Z ENTE S, £, EBWHEIOBEEITKH 0.1mN TH Y, £

I3

AT MZBNWT, BEDIELANPNANT VAL G/ LTS EEZLND.

4.1.3

el DR

ETNENOETIZEBNT, FEEOEEEZFHHE Lz, RLEEENH VR EEL

Table 4-6 |ZF L 7=,

Table 4-6 Most important feature in thrust estimation.

it

DVT1 DVT2
LGBM Time/s Time/s
FE LGBM WPS/kPa DPS2 _rolling /kPa
SMOTE_FE LGBM WPS/kPa TPS/kPa
RFT VPS1/kPa DPS2/kPa
FE RFT P_Delta/kPa VPS1 rolling/kPa
SMOTE _FE RFT DPS1/kPa VPS1 rolling/kPa

Table 4-6 O EFE, SALEIET1, / AVHEIET], KEZ 27 D78 8 ORH S &E D EE
MEWNZ ENGhoT=. EMHICT — L 7 Ao E —&H L T b,

4.9 SALZEE T OHETE SR THE H

4.2.1

ARFET— N EIRFET— FOYIWr

7V RY—F L REMFEC L 5 F 2 —= 7 FEF, DVT1 #HOEA, max depth: 20,

min_samples_leaf: 50 23— TH 5. DVT2 EH DY

AN

50 23— FEb) T 5. Table 4-7 13 FPR & TPR TOMfER AR L TN 5.

Table 4-7 Evaluation result of evaporation mode judgment.

=, max_depth:10,min_samples_leaf:

RENEEL DVT! {4 DVT2 {#
FPR 7.3% 3.3%
TPR 98.5% 99%

DVT2 fEH DT —Z BN L, /RT A —ZHRV
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4.2.2

£

LightGBM & 7 A7+ L A b & HW-SALETE 17— % OHEERE R

RAMEEE 7Y v R —=F THOLNIZEY oA 7T A—=F ZRORITE LT

Table 4-8 LightGBM hyperparameter results in DVT1 vaporization chamber pressure estimation

selected by cross-validation and grid search.

INAISINT A =B 4 [
reg alpha 3
reg_lambda 0.9
num_leaves 50
max_depth 7
learning_rate 0.05
feature fraction 0.8

Table 4-9 LightGBM hyperparameter results in DVT2 vaporization chamber pressure estimation

selected by cross-validation and grid search.

INAININT A= B A, i
reg_alpha 2
reg_lambda 3
num_leaves 30
max_depth 9
learning_rate 0.05
feature fraction 0.85

HHEO=DIZ, LLTFD X DI E2A T 7.

Table 4-10 Pressure estimation cases.

LightGBM TURNTF LA R
CASEI1 LGBM P RFT P
CASE2 FE LGBM P FE RFT P
CASE3 SMOTE_FE LGBM P SMOTE_FE RFT P

HEERE R OFHMIL VPS1 THIE L7-RAbL=E ) & HEEM D RMSE % v 5. Figure 4-17
XENENOFRRETRLTND.
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Figure 4-17 RMSE of average thrust of each injection cycle and standard deviation of RMSE.

4,2.3 K& O B

ZNENOET VBT, FEEOEEELFR L. ROELESHVFHEEL

Table 4-11 IZF & DTz,

Table 4-11 Most important feature in pressure estimation.

DVT1 DVT2

LGBM Time/s Time/s
FE LGBM mass_left/g mass_left/g
SMOTE_FE _LGBM mass_left/g mass_left/g

RFT Time/s Time/s

FE RFT Time/s Time/s
SMOTE FE RFT VTS2_shift(-3)/°C mass_left/g

Table 4-11 7> Rf[H, KALEICIZER S T2 /KOE &, SILREEOEEEN V. KIL=EIC
\ZFE S T KO B IR & RN DA SN ETH D720, RO EEENRE WD

LE—HLTWS.
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5.1  HESHEEDEE

5.1.1 HEIHEE 12330 N T SMOTE DA 2 e AT

SMOTE DA WISV TIE, LightGBM & 7 2 % A7 4 LA kN ORHMi 1 OHEEREF )
5, SMOTE OFEATIZ L A HEEKE A2 220y, £ LC, LightGBM DFFM 2 7> 5,
SMOTE IZ L 2 HEEREEDEALR 720, L, TV F LT3 LA NOFM 2 05,
HESJD RMSE 13 0.04 F2@m< 7 o7z, Zhud, 7V & A7+ LA MORENHEERRIL, A&
EOHES) E DELADIEHDE L SMOTE ZFT LARWGAE LV —ICRoTnD &%
5D, BRI SMOTE #3795 2 & C, #ERELSETE o7z, JRINE LT
Z=2oF 2 65, — 2 HIT K-means D3 FITE ) Tldle > 72, -2 HIX SMOTE (T &

INHORERMNORD L, BT EICRILRIES & ) ANVEHOERN SR> T
WAL BRI EIL S AVRENG RS TWA. B =FERIEEIL, SUEERENS
725 TCW%. DVTL, DVT2 OF—, H, H_FWROITEMN—HL TS, £72, K-
means O A FALFER NS, HEIZEHRCTE LMt 5. U EAEKE 2, SBEICIIRE
NIpNEEZBND. ZDI=8, Hii2lZ SMOTE TlE- 727 — Z 23l IE TR\ 2,
SMOTE #5425 Z & T, RE—MEIY BRI eholmiettitd 5.

5.1.2 HE &R EE R A

Pl 1 OHEERER DD, UT3ANEZRDEEZLND.
® [ET =7V FT5HZELTRMSEIZ0.1L kL7
® KWIFETRELLFIETHOLNIHEMT, thoBMFNo/oNTHTI & D
RMSE £V &V, ZRO[BELUNICIA T2 LN TE 2, TRHEEEZRD D
%56y, SMOTE D247 8t T 2 BN H 5.
® DVTI Tk L COHENHEEREIL DVT2 L 0 .
> FRELTIEHEoEZLNS.
> —oRIE, EFNAEEEESELHIT, DVT2 O RW WSS AR
V. IO, KVEWEETHETELEEZLND.
S ZOHIINTA—FIRVEBRTEMDVI2 2 L2720, o7
YI7OLyYELTIEDVTL LY JAV.

A 2 DHEERIRDPOUT 2 ANFERALEBEALND.

73



SRR Bt £

PA NN R D &, 3 FITIFIER L < HWVOMERE THEE 2 EBL T E 72,
Pl 1 THRBET V=T ) SN ZE TRIESETE T, FHii2 T
FIEEDLRWVRRP GO, —WERHY A 7V TRD &, HERELZITHH
TILRTEDHLEEALND.

5.1.3 RS REA

FUBENT F LA NOEBEHE)ND, LightGBM & B HEHENG LN, KRROFK
L7 U H L7+ LA MBI 5 EEEFNFVEX LightGBM OFHMEi HIEICHH. T X L
T L R B YE L U CORITZFRC, RMSE I3 N AR R E L
T, RMSE J{/b &OEI S ZMRTEEE L L CEHE I D —J7, LightGBM (TR E 3 IX
NEEEEZEEEL LTEHESRDS., 22 TWL OROREBEDREBEE ICHOWTELES
D.

>  WPS

LightGBM Z {4 25586, 77 X WNDES)ThH WPS OEEEN—FK &V, WPS O
EIXT 7 XN ST KOBEBMRL TR Y. WEMICE 2D &, RV 4—7 U FEEII
WPS DEIZ L > CTHIEI SN DA, 77 ZWNICFE- T2 KO &R EHETOBRIZ V. L
L, EBROREERBEZHRATZHADNERBR TIIRY A—7 U2 —EL LTS, 20
&9 RHENERBRIT I T, WPS OEITKALE~DES & & BE T 5. HEENL R D
L, BALBA~OEEFRII AL 1312HY, T L7 VA NTHDZHEET B2 1%
I EOBEEEZEDTWLHT720, #HNEEET LTSS, b9 —2DREKRE LT,
T ERNOKDOENS EOHSHERR TH LN EBE L TV, R &R &
MBI D70, THNRKTREREEE L HEDTWDAREMER D 5.

> DPSI, DPS2

DPS1, DPS2 1Z##Z+ DVTIDVT2 @ / ZLRIESNTHD. / ZVHIENT L - THE
SV EOBEERE L FZICH 5. AQUARIUS O X 5 2K LA /)L ZEe DOV IR 2% 5 HE
WS AT LOYE, HEINTHEGRME & BT 507, — i 7 S— VRO ) AVETOE
NPREFTIUTKREWVIZEHENIRRELS LD EVHIWEIFED LRV, 2D, DPSI
& DPS2 B O EOEEE N EN L TR E KL T\ 5.

> VPSI

KETICBWT, RALEEITH D VPSI BT VPSLIZ L » TR E = > V=7V
VT ENT B EOEEE FA7ICHD. VPSIIZDPS1 & DPS2 O EfEDIESTH 5.

Z D VPS1 OESMEZARIZ X - T DPS1 & DPS2 DIERZE L+ %. Fa—T 2L DENE
KRN D128, EFO VPS1 EE T DPSI, DPS2 DEH XV &, JENZEL B L
W BURARD X9 2R T, BB R E R EEO TR ERINES Y, 207
VPS1 IZBET DR EII R E R EEE L FF > TN D.
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> VTSI & VTS2

VTS2 OEZEEEL VTS1 L VKW W) FERAS Hiu7z. AQUARIUS 1EEIRE IR L& R
DL, VIS2 DIREZAANIZ VTSI OIREZEM I VE LW 230025, VTS2 1% VTS
L 0N RULENEOREZLZBH TE 5720, KRERFEREEZF->TND. 20X
INCTRROEEE LT T 52 LT, TRRADMEREIZENTRIZNESEEZ BN
5.

» Time

KET VTRV AT U0 D ORBKHIRE 2BEELZ HEOTWDH. JFKE LTIE=2
Ezbnb. —OBIFEBET— FORIMBEKR TOMIZ, AX 2 ROEMOWBREZFE LI
ZLTHhHDH. AMFRIIHEAREMITH L, T X5 ARREEEICR L TRBEE L Ty, Bk
DI, HEEMBOMEEHEEZ — ST D701, BEEETT VLI OS bEET
5. IO, FEEASIEREL LRI, oI, BT REIEREET— IR
FHETHETHD., BRE—NIBWT, #NEIRAET L. FEERET—RFTIRFEAL
HENZ 720, BER ] CARBE— R E I a2 b HRETHMITE 5720, EEENH
VY, EOHITARBTE— NRICZEBEORBIFET 52 & ThHhDH. Figure5-1 D X H 1T, 7&
HE— FOBRPTHANETED. ZHIE OORBEMFETIEELZOND. —>
DRI THRIE LY o125 — RN H 5. KALEHNIZFE S T2 KOEE RV A—7 0
D ORI 72 EOFHEEN DI TE D B2 o5, SBRMEET VA2 UNET HEE
W2, TOEIBRBRLHBIZANLIVLERNHDL EZEZ LS.

6
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5 —ExfE2—
0
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Figure 5-1 Two steps evaporation.
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5.2 SALEE ST — 2 HEEDEER

5.2.1  HFEE— FHEF~DEE

RV A =70 0b OfGEKER & 2 v, JibE e — X —~OHINE ) OEEE RV &
WIOFRERME LN, RRITE —F =0 D O ABUIARRERICRE S EET L LEZE2 BN
L. Flo, BERENPNIO%N THDLZ b, HELEBTELLLBZZONS. HERLIE
T 5, FRIEBAME & FRIEKE T D 0.2KP itk DT — X D4YFENME 2 72

5.2.2 R OMEET VL DOLEET 5

WELE T A RIS AL RIE N 2 HI T 5 2 M TE D, 2 2 CHIFMRE LI
RETNEM D B, £F, HBEOa L X7 4 ABROLIICEET .

Te
Cp = M (45)
m
MEITRO L IICHETHZ LN TES.
m = P,.C, (46)
% L C, Bolton ®%& FAWT, AIFIKARKIENX
Py, = 6.1112exp (ﬂ) 47)
T, + 243.5

ThD. TAIKORMBE. HOHEEITBWT VTS2 OEREBEFEN VIS @iz, 22
T, VTS2 D% FREIEE & T 5. AEF/KARKITE NS KOZEIEHEEITIRO L HIZHET
X 5.

1
2mR(273.15 - Ty)

mev = SLJ(Psat - Pvc)\] (48)
ZIT, olIRRBRETHD. TEMEIZL D L, 0.03-0.15 FEEIE HDOWTW D 34 AuF

72713 0.03,0.06,0.09,0.12,0.15 D 5 /3% — L ZER LT-.

WRITFEROE L L TRET 5 &, MR OREFES, 1T
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(49)

ELTRIAETE . ARBEEE LMES BT 25 L ET D &, KULEENIRO L 5 IZF
BTDHZEMNTED.
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1- SL—’:U\/ZHR(273.15 - Ty
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SALENEMTHEHEEIT, COREITITE DR, —HRAERENBRMOBGAEC, &5t
B DZ ENTE RV, RIFRITZLLT o0 % = OftRZ21T-> 7.

NE— 1. FUFNZ30[E], DVTL, DVT2 2% L TENFIER T — % 80%DNE 4t
ID Z30Y, ZIDDOWEFT — X DOCFHMEEHET L. 750 O 20%EH I3 LT, ¢ F
B, SAEREAZRH TS, AL RMSE 2 V5.

INE— 2 T A K230, DVTL, DVT2 2% L CENEIEST —Z 80%DVEH
ID Z3#0, TNENOEFIZBW TRILEENBBEN TH L LM TC27E L, KUbL=EE
NhZEEHT 5. FHEEYEL RMSE 2 V5.

FHEAE S % Figure 5-2 206 Figure 5-5 12 F & o 7-.
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Figure 5-2 RMSE histogram of measured and estimated values of vaporization chamber pressure

when using injection data of pattern 1 and DVT1. The curve means the kernel estimation curve.
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Figure 5-3 RMSE histogram of measured and estimated values of vaporization chamber pressure

when using injection data of pattern 1 and DVT2. The curve means the kernel estimation curve.
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Figure 5-4 RMSE histogram of measured and estimated values of vaporization chamber pressure

when using injection data of pattern 2 and DVT1. The curve means the kernel estimation curve.

78



SRR Bt £

50
S sigma=0.03
e sigma=0.06
40 e sigma=0.09
sigma=0.12
W sigma=0.15
3 30
[
[}
2
(on
o
w 20
10
0
0.4 0.5 0.6 0.7 0.8 0.9 1.0

RMSE

Figure 5-5 RMSE histogram of measured and estimated values of vaporization chamber pressure

when using injection data of pattern 2 and DVT2. The curve means the kernel estimation curve.

FHEAREREMNS, 0230.09 & 0.12 DA, RMSE 2/hEW. Fiz, NE—v 1 ERF—v
2 DHEEHREFED RMSE 12 02 BUEWAH H. Z D72, COEICL Y, HEEHEN KX
SEDDHZ ENGInotz. £T2, 0 2E2HZETHERENKRELS Bbotz. HEEH %
HIEMNELR DRIV ONEZ BN, —2RIE, ZOTTFALTIE - OOREHEZE
R TCWRnoTe. ZOBIE, WS OBDREBET MIAS>TWEHTo), HEEICRENH
5. BlxiX, VTS2 OIREIIKOFERE LR URE, KiEORIZEERTH H0E, —3
AT IVOEH TCATEDL LW EOIRENRH 5.

T U H LT F LA K& LightGBM I ZE R —EE072 < TH RMSE 7% 0.22 F2EEEHL T
7o, Fim, VP2 #FEE LG AORBICE N T, #EEMORDYIZ, VPS2 OfEZFH
RMSE % &5 9% &, RMSE [30.084 Th 5. B TFHIC L H2HEEMIL VPS2 1ZETLER
ELTHEZ WD, FlE LIz 5B 05, LT, #EMENLS, HEMED
RMSE ZE#XH & LTiklT % Z & T, EBRMFEIFRIZ, KAEEBNIENCRE N H 50>
EIERMTEDLEEZLND.

WERERER > & OFHHEAE & EEROfED RMSE, AL THRE LI HEEE O T—FRBE N
ENTWDET VLT 57T 7 % Figure 5-6 IZF & 7.
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Figure 5-6 Error comparison between physical model estimates and data-driven approaches.
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Appendix

KREL 3 OO ORI TN D.
Al RS HT D — R OFEATHE R
A2, HETJHERE DRt

A3, KULEETIHEE OFE R

A. 1. RS AT O O FEHT 5 5
ERRIATIZBNT, HBATHIOF 1, 2, 3 ERDICT2EGX7 hraRIZE L
¥Wi-. TableA.1 I DVTLIZXT A5 1, 2, 3 ERSICHT HEAZ bL, Table A2 1L

DVTIL, DVT2 IZxt9 5% 1, 2, 3 ElGICxT2EAX7 bLraEFRLTWD.

Table A.1 Eigenvector results of principal component analysis for DVT1.

R PC1 PC2 PC3
Time/s -0.20391 | 0.03676 | -0.05302
DTS1/°C -0.01434 | 0.248471 | 0.112383
VTS2/°C 0.020152 | -0.03477 | -0.05956
VTS1/°C -0.00201 | 0.051349 | -0.05372
WPS/kPa 0.021441 | -0.1418 | -0.08192
VPS1/kPa 0.21934 | 0.001439 | 0.012535
DPS1/kPa 0.219745 | 0.006678 | 0.015359
VH/W 0.052801 | -0.07867 | -0.07984
DVT1 PH/W 0.021116 | -0.17084 | -0.11704
mass/g 0.019332 | -0.14977 | -0.07774
DPS1_shift(+1)/kPa 0.214185 | 0.033044 | -0.04508
DPS1_shift(+2)/kPa 0.20485 | 0.048867 | -0.08439
DPS1_shift(+3)/kPa 0.191278 | 0.051322 | -0.09349
DTS _shift(+1)/°C -0.01523 | 0.26679 | -0.00359
DTS _shift(+2)/°C -0.01902 | 0.272252 | -0.07407
DTS!1 _shift(+3)/°C -0.02641 | 0.257468 | -0.08538
VPS1_shift(+1)/kPa 0.212893 | 0.028254 | -0.04901
VPS1_shift(+2)/kPa 0.202694 | 0.04445 | -0.08936
VPS1_shift(+3)/kPa 0.188246 | 0.046927 | -0.09866




VTS2_shift(+1)/°C 0.009789 | 0.080244 | -0.23636
VTS2_shift(+2)/°C 0.002372 | 0.113346 | -0.29672
VTS2_shift(+3)/°C -0.00855 | 0.106758 | -0.27375
VTSI _shift(+1)/°C -0.00433 | 0.117629 | -0.22988
VTSI _shift(+2)/°C -0.01061 | 0.138465 | -0.28629
VTSI _shift(+3)/°C -0.00855 | 0.106758 | -0.27375
DPS1_shift(-1)/kPa 0.218695 | -0.00251 | 0.036684
DPS1_shift(-2)/kPa 0.216185 | -0.00436 | 0.042153
DPS1_shift(-3)/kPa 0.212843 | -0.00545 | 0.045845
DTS!_shift(-1)/°C 0.013672 | 0.240095 | 0.121528
DTS!_shift(-2)/°C 0.034064 | 0.228798 | 0.125318
DTS!_shift(-3)/°C 0.049013 | 0.215105 | 0.124132
VPS1_shift(-1)/kPa 0.218759 | -0.00665 | 0.033158
VPS1_shift(-2)/kPa 0.216613 | -0.00786 | 0.038378
VPSI_shift(-3)/kPa 0.213551 | -0.0086 | 0.042011
VTS2_shift(-1)/°C 0.057082 | 0.023848 | 0.017404
VTS2_shift(-2)/°C 0.075137 | 0.03731 | 0.039731
VTS2_shift(-3)/°C 0.086286 | 0.038766 | 0.047264
VTS1_shift(-1)/°C 0.050842 | 0.063201 | 0.024973
VTS1_shift(-2)/°C 0.071997 | 0.066511 | 0.044373
VTSI _shift(-3)/°C 0.086286 | 0.038766 | 0.047264
DTS! rolling/°C -0.01908 | 0.272205 | -0.07421
VTS2_rolling/°C -0.0014 | 0.112637 | -0.29699
VTSI _rolling/°C -0.01181 | 0.138194 | -0.2863
VPS1_rolling/kPa 0.208713 | 0.043371 | -0.08352
VH_rolling/J 0.045249 | -0.05278 | -0.1308
DVT! PH rolling/J 0.016101 | -0.12246 | -0.19771
DPS1 _rolling/kPas 0.210579 | 0.047598 | -0.07848
DVT1 PH sum/J 0.009348 | -0.1593 | -0.09539
VH_sum/J 0.012339 | -0.10434 | -0.05674
VTS1_mean/°C 0.018613 | 0.071051 | -0.07293
VTS2_mean/°C 0.025173 | -0.01186 | -0.12672
DTS2 mean/°C -0.01601 | 0.247717 | 0.11052
DPS1_mean/°C 0.060701 | -0.08431 | -0.10448
VPS1_ mean/°C 0.060738 | -0.10964 | -0.10483




P Delta/kPa -0.21859 | 0.001465 | -0.01094
mass flow rate/(g/s) 0.048849 | -0.15637 | -0.12457
viscosity/Pa-s -0.01435 | 0.248428 | 0.112378

Re 0.047395 | -0.18775 -0.134
Psat/kPa 0.020625 | -0.02982 | -0.05732
mass_left/g 0.186298 | -0.05065 | 0.070704
VPSI1 _ integral/kPas -0.18107 | 0.045238 | -0.06834
DPSI _integral/kPas -0.17853 | 0.05314 | -0.06821
VH_ integral/J -0.15011 | -0.0377 | -0.10143
DVT1 PH integral/] -0.13901 | -0.08082 | -0.11908

Table A.1 Eigenvector results of principal component analysis for DVT2.

R PC1 PC2 PC3
Time/s 0.185722 | -0.05513 | -0.04763
DTS2/°C -0.04497 | -0.11924 | -0.10623
VTS2/°C 0.046324 | 0.037813 | 0.224442
VTS1/°C 0.04911 | 0.035152 | 0.234243
WPS/kPa -0.04537 | -0.08389 | -0.16543
VPS1/kPa -0.2211 | 0.016072 | -0.00181
DPS2/kPa -0.22084 | 0.020364 | 0.004211
VH/W -0.04601 | -0.05512 | -0.13532
DVT2 PH/W -0.0103 | -0.0621 | -0.1285
mass/g -0.01695 | 0.007858 | -0.01574
DPS2_shift(+1)/kPa -0.21662 | -0.03573 | 0.014398
DPS2_shift(+2)/kPa -0.20974 | -0.07354 | 0.014686
DPS2_shift(+3)/kPa -0.19961 | -0.08329 | 0.005172
DTS2_shift(+1)/°C -0.0251 | -0.24676 | -0.0316
DTS2_shift(+2)/°C -0.01262 | -0.30089 | -0.01335
DTS2_shift(+3)/°C -0.00012 | -0.28308 | -0.02387
VPS1_shift(+1)/kPa -0.21572 | -0.04206 | 0.008812
VPS1_shift(+2)/kPa -0.20769 | -0.08139 | 0.009226
VPS1_shift(+3)/kPa -0.19641 | -0.09133 | -0.00055
VTS2_shift(+1)/°C 0.027717 | -0.18496 | 0.175198
VTS2_shift(+2)/°C 0.026543 | -0.26064 | 0.149161
VTS2_shift(+3)/°C 0.031509 | -0.24638 | 0.111341




VTSI _shift(+1)/°C 0.0246 | -0.20324 | 0.143542
VTSI _shift(+2)/°C 0.025898 | -0.26924 | 0.119935
VTSI _shift(+3)/°C 0.031509 | -0.24638 | 0.111341
DPS2_shift(-1)/kPa -0.21972 | 0.035708 | 0.001546
DPS2_shift(-2)/kPa -0.21736 | 0.039356 | 0.002567
DPS2_shift(-3)/kPa -0.21419 | 0.041919 | 0.003994
DTS2 _shift(-1)/°C -0.06926 | -0.07319 | -0.00676
DTS2 _shift(-2)/°C -0.08444 | -0.05186 | 0.022632
DTS2 _shift(-3)/°C -0.09432 | -0.039 | 0.026937
VPS1_shift(-1)/kPa -0.22062 | 0.030693 | -0.00259
VPS1_shift(-2)/kPa -0.21874 | 0.034028 | -0.00051
VPS1_shift(-3)/kPa -0.21596 | 0.036487 | 0.00138
VTS2_shift(-1)/°C -0.01701 | 0.032602 | 0.201182
VTS2_shift(-2)/°C -0.04226 | 0.033498 | 0.184392
VTS2 shift(-3)/°C -0.05688 | 0.034044 | 0.161347
VTSI _shift(-1)/°C -0.02954 | 0.02541 0.1729
VTSI _shift(-2)/°C -0.05377 | 0.027065 | 0.158134
VTSI _shift(-3)/°C -0.05688 | 0.034044 | 0.161347
DTS2 rolling/°C -0.01251 | -0.30094 | -0.01344
VTS2 rolling/°C 0.030626 | -0.26069 | 0.147745
VTSI rolling/°C 0.027468 | -0.26929 | 0.11898
VPS1 _rolling/kPa -0.21213 | -0.07733 | 0.01199
VH_rolling/J -0.0364 | -0.10176 | -0.12217
DVT2 PH rolling/] -0.00481 | -0.14197 | -0.10623
DPS2_rolling/kPas -0.21389 | -0.0693 | 0.01742
DVT2 PH sum/J] -0.03138 | -0.06527 | -0.20722
VH_sum/J -0.02347 | -0.022 -0.21814
VTSI _mean/°C 0.014933 | 0.005504 | 0.245298
VTS2 mean/°C 0.03079 | -0.00973 | 0.233769
DTS2 mean/°C -0.04373 | -0.11934 | -0.10745
DPS2 mean/kPa -0.07068 | -0.06088 | -0.1953
VPS1 mean/kPa -0.07137 | -0.06009 | -0.19092
P_Delta/kPa 0.220145 | -0.01341 | 0.005416
mass flow rate/(g/s) 0.007057 | 0.02201 | 0.14149
viscosity/Pas -0.04495 | -0.11923 | -0.10613




Re 0.010468 | 0.031322 | 0.148447
Psat/kPa 0.045904 | 0.037871 | 0.227733
mass_left/g -0.17321 | 0.066115 | 0.035758
VPS1 _ integral/kPas 0.146582 | -0.07468 | -0.12146
DPS2_integral/kPas 0.140881 | -0.07748 | -0.12644
VH_ integral/J 0.155433 | -0.06293 | -0.13188
DVT2 PH integral/] 0.132583 | -0.08205 | -0.10943

A. 2. HEJJHETE DR

A 2.1.1 HESIHETERE SO RMSE &, RMSE O V(R 74

FEAM 1126 L C, TableA.2.1 & Table A22 lZZNnFND /7 —AZAD RMSE &, RMSE DFEH%E

WAz RrLT\WAh., BAKNT AT Figure A.2.1 725 Figure A2.4 (2% & D7z,

Table A.2.1 Results of RMSE and standard deviation of RMSE for thrust in each time, trained by

randomly dividing test data and training data 400 times when LightGBM is used.

R4 RMSE
DVTI SMOTE FE LGBM 0.437+0.0397
DVTI FE LGBM 0.441+0.0405

DVT1 LGBM

0.545%0.0306

DVT2_SMOTE_FE_LGBM

0.350%0.0223

DVT2 FE LGBM

0.347%0.0224

DVT2 LGBM

0.460%0.0196

Table A.2.2 Results of RMSE and standard deviation of RMSE for thrust in each time, trained by

randomly dividing test data and training data 30 times when Random forest is used,

R4 RMSE
DVT1_SMOTE_FE_RF 0.481+0.0367
DVT1_FE RF 0.485+0.0323
DVT1_RF 0.597+0.0330
DVT2_SMOTE_FE_RF 0.42440.0309
DVT2 FE RF 0.430+0.0255

DVT2_RF

0.507%0.0248
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Figure A.2.1 The histogram diagram of the result of evaluation 1 of the LightGBM model for DVTI,

the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel estimation

curve.
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Figure A.2.2 The histogram diagram of the result of evaluation 1 of the LightGBM model for DVT2,
the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel estimation

curve.
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Figure A.2.3 The histogram diagram of the result of evaluation 1 of the Radom forest model for
DVT]1, the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel

estimation curve.
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Figure A.2.4 The histogram diagram of the result of evaluation 1 of the Radom forest model for
DVT?2, the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel

estimation curve.
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Table A.2.3 Results of RMSE and standard deviation of RMSE for thrust in each injection cycle,
trained by randomly dividing test data and training data 400 times when LightGBM is used.

B RMSE

DVT1 _SMOTE_FE LGBM 0.108+0.0328
DVTI _FE LGBM 0.108+0.036
DVTI LGBM 0.094+0.017
DVT2_SMOTE_FE_LGBM 0.094+0.0172
DVT2_FE_LGBM 0.094+0.0170
DVT2 LGBM 0.101+0.0167




Table A.2.4 Results of RMSE and standard deviation of RMSE for thrust in each injection cycle,

trained by randomly dividing test data and training data 30 times when Random forest is used.

R A RMSE
DVTI ® SMOTE_FE_RF 0.0869+0.0454
DVTI @ FE_RF 0.1110+0.0385
DVTI RF 0.0981+0.0256
DVT1 & SMOTE_FE RF 0.0648+0.0266
DVTI @ FE_RF 0.1050+0.0223
DVTI_RF 0.1061+0.0163
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Figure A.2.5 The histogram diagram of the result of evaluation 2 of the LightGBM model for DVTI,

the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel estimation

curve.
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Figure A.2.6 The histogram diagram of the result of evaluation 2 of the LightGBM model for DVT2,

the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel estimation

curve.
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Figure A.2.7 The histogram diagram of the result of evaluation 2 of the Radom forest model for

DVT]1, the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel

estimation curve.
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Figure A.2.8 The histogram diagram of the result of evaluation 2 of the Radom forest model for
DVT2, the horizontal axis RMSE, the vertical axis frequency, and the curve mean the kernel

estimation curve.
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Feature importance in DVT1_LGBM
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Figure A.2.9 Feature importance in DVT1_LGBM thrust estimation



Time/s
VPS1/kPa
DTS2/°C
VTS2/°C
WPS/kPa
DPS2/kPa
VTSs1/°C
DVT2_PH/W

VH/W

WPS/kPa
VPS1_shift(+3)/kPa
DPS1_mean/kPa
DPS1_shift(+3)/kPa
VPS1_mean/kPa
mass_left/g
VTS2_mean/°C
Time/s

mass flow rate/(g/s)
DVT1_PH_integral/)
DTS1_mean/°C
VPS1_shift(-3)/kPa
VTS1_mean/°C
DPS1_shift(+1)/kPa
P_Delta/kPa

VPS1_shift(-1)/kPa

Feature importance in DVT2_LGBM

[ 5000 10000 15000 20000 25000

Figure A.2.11 Feature importance in DVT1 FE LGBM thrust estimation
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Figure A.2.12 Feature importance in DVT2_FE LGBM thrust estimation
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Figure A.2.13 Feature importance in DVT1_SMOTE _FE LGBM thrust estimation
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Figure A.2.14 Feature importance in DVT2_SMOTE_FE LGBM thrust estimation
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Figure A.2.15 Feature importance in DVT1 RFT thrust estimation
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Figure A.2.16 Feature importance in DVT2_RFT thrust estimation
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Figure A.2.17 Feature importance in DVT1 FE RFT thrust estimation
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Figure A.2.18 Feature importance in DVT2_FE RFT thrust estimation
Figure A.2.19 Feature importance in DVT1_SMOTE_FE RFT thrust estimation
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Figure A.2.19 Feature importance in DVT2 SMOTE FE RFT thrust estimation
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Figure A.3.1 Feature importance in evaporation mode judgement for DVT1.
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Figure A.3.2 Feature importance in evaporation mode judgement for DVT2.

Table A.3.1 Estimation accuracy when estimating vaporization chamber pressure with LightGBM

model.

B RMSE
DVT1_SMOTE_FE LGBM P 0.2053+0.0103
DVTI FE LGBM_P 0.2052+0.0101
DVTI LGBM P 0.2560+0.0109
DVT2 SMOTE FE LGBM P 0.221+0.1196

DVT2 FE_LGBM P 0.22420.0117
DVT2 LGBM P 0.27140.0168




¥

Table A.3.2 Estimation accuracy when estimating vaporization chamber pressure with Random

forest model.

R4 RMSE
DVT1_SMOTE_FE RFT P 0.2190+0.0118
DVT1_FE RFT P 0.2157+0.0107
DVT1_RFT P 0.2564+0.0108
DVT2 _SMOTE_FE_RFT P 0.2270.0117
DVT2_FE RFT P 0.228-0.0121
DVT2 RFT P 0.279-20.0231
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Figure A.3.3 The histogram diagram of the result of the LightGBM model for DVT1 vaporization
chamber pressure estimation, the horizontal axis RMSE, the vertical axis frequency, and the curve

mean the kernel estimation curve.
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Figure A.3.4 The histogram diagram of the result of evaluation 1 of the LightGBM model for DVT2
vaporization chamber pressure estimation, the horizontal axis RMSE, the vertical axis frequency,

and the curve mean the kernel estimation curve.
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Figure A.3.5 The histogram diagram of the result of evaluation 1 of the Random forest model for
DVT2 vaporization chamber pressure estimation, the horizontal axis RMSE, the vertical axis

frequency, and the curve mean the kernel estimation curve.
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Figure A.3.6  The histogram diagram of the Random forest model for DVT2 vaporization chamber

pressure estimation, the horizontal axis RMSE, the vertical axis frequency, and the curve mean the

kernel estimation curve.
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Figure A.3.7 Feature importance in LGBM_P DVT1 vaporization chamber pressure estimation
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Figure A.3.8 Feature importance in LGBM_P DVT2 vaporization chamber pressure estimation
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Figure A.3.9 Feature importance in FE LGBM_P DVT]1 vaporization chamber pressure estimation.
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Figure A.3.10 Feature importance in FE LGBM_P DVT2 vaporization chamber pressure estimation.
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Figure A.3.11 Feature importance in DVT1_SMOTE_FE LGBM P vaporization chamber pressure

estimation.
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Figure A.3.12 Feature importance in DVT2 SMOTE_FE _LGBM_P vaporization chamber pressure

estimation.
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Figure A.3.13 Feature importance in DVT1_RFT P vaporization chamber pressure estimation.
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Figure A.3.14  Feature importance in DVT2_RFT_P vaporization chamber pressure estimation.
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Figure A.3.15 Feature importance in DVT1_FE RFT P vaporization chamber pressure estimation.
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Figure A.3.16 Feature importance in DVT2 FE RFT P vaporization chamber pressure estimation.
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Figure A.3.17 Feature importance in DVT1_SMOTE _FE RFT P vaporization chamber pressure

estimation.
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Figure A.3.20 Feature importance in DVT2 SMOTE _FE RFT P vaporization chamber pressure

estimation.



