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1.1 KARDER

HIAERERFHE, 1960 4FICH F SN = FosflEIC B35 Kaman O Y% ZoniTic,
HAE X GO RERE T VAR RE TR CRIR L CHlIgR A2 k5, 4 H, WbwahlET L
A () 7 RIS THEDFEAE LT, Kdman 1L, #E —IRIER O B 55
AL, B LFEEL TLFab—ar fEEZERL, KRBT 1 — Ry 7 LU THlEIER 23
RAFCEDIL AR L. JHUTREL ¥ 2L —4, HOWVIZLQRIEEM T, 0%, %
SORFFENEFITNS.

BV 2L — 40, G A D B AaBR A S B, IS SO TEME T T LA L E
I8 OREE A, ZOEETIIHRLE THOLONNEETH -7, FEAMEI K O E A
KLU TIL, Kdman A6, kil ¥ =L —XOWEEERL, 1 AJIRICBELU TR L
8 2ok, EHOMREIZL>TEATRITHES I, BHOIC L TR A
FSSHUTHRIR L7 IS G208 7 /UKL I, 1979 4R1C Zames 12k~ C, il
TR RO NN SZ B TR UTORIEZE I E T VA ERL, TD H™ )V Lk i/ME
T5, H® HIH?REFU 20 gk Doyle bz Lo THE AU DI, £ % 7205
WFIEAHEA TS, ZDIX e SANKIIEFRESI, 1980 41 H LI AR LS e ateri,

S AN, ERBEICBTDIERIE S AT MR LT, IERIEE RS DI
BETHIECLY, HOREETHIETED. UL, FHENSEREAELLE, (R
PRRXETIZARY, HIEMERE NS IEL CLEDEVIORIED D, ZHUTKL, H™ filfEZLRL
TeFERRIE H> HiliEZ2 QB EOEIT 7747 A vaZmiL, YRgom & X7
FZEA = EHICEO S S TR FRd <k, FERIE H> HIfE 0ROV T
AT, R Il E ORI H fliE &L Th D03, JRAEEINTDT AT L
JEEDUED RIREMERHHZ LA RBL TS, ZOIINIIERIEHIENIEIAE, FEEpT
BH5N, 1980 MUY K12 AW TZT 7o —F R E D, —E ARSI T
BICHAHCHE = D FIEIZIROZ DY AT L RER T, T AT L~Oil AT 72
WS, SBOFENHIFSND.

FERRIE I D KL AT DA~DRH VDT, I, FERIEET L T (Nonlinear
Model Predictive Control: NMPC) 237F H &L T\ 5. &7 /LTIl 8 (Model Predictive
Control: MPC) 1%, 1970 X FIFEAEL, TICHIEE M OR W7 me AHlEI# A Sh



T 7Y MPC 13RI LR R AR LA TO LB S DT, FHRATR Y E
<, B S AT L7 E DR SE D EREN D A G 30 H 3 Th-7-. LanL,
2004 4| Ohtsuka 7%, CIGMRES 1A LR 122 NMPC Ofifta 5ho# B <HER, BB %
TiEEFRET DL, ABHEO T DR B IR L, TERE TR DB AT L
DI FARFZEN < ROND I e o711

LUEDINTET NAR—RFRGHT, SR ROBIET NV EZE N TEUL, 2<0O%E
FAEE BRI TEDIRREIL 2o QD BT /ULl E, Moy FERXTRIESNDS. LnL,
PEERDIEL AT NE, REWEIN O REBHER GB35, TORHET VEHITES
TR, FRIT, =P OBREBIZR R E DI, X AT IV ARHEFRBRRITNED L7056
2, BB R B S<E TV IS TR AR, Z2<O%E1TEBRIZHE S, «
YT ROT =T NV ELZ A LTRETET L, bLLUTEH BT T L ERGHET LD
AT VYRETAPHACOND Y, 26, #5378 ORRATHIRIE#H CX2aie b7z
0, BT NN — ARG O ITIN L 72D.

PEEROFEHIE L AT M B ZMT THLE, HIEXI R OBIRET VA E T 520
KT D5 GBIl SEE, SO0 TR T BB # S 2T A28 N T
1%, BREEICK T 2ERND, KOREE R v OBRBERITIN LIS TNDDS, REES
WOBR DRI E ST, BT A=A G CRE R Mo HRERIC I SHER
ETNVERHIENNEET, BELRBIRER Tho.

HIEIRI R OET MFREFERA AT DN TERWG A, T — & A
T, BT NVEN T HIERGIER AR T 57 —XBREHE, HHOTET L7 Y —HilfE
EWRIEND T T a—F AR, [ERICHFIES D Lo Ca IO (O — e L.
BHRF EEIC LD HIE ST A— 2 Db E 2 Hivd. LU blE, —#&iz, <o
MR REZ LT 57280, T4 COEFMGELIZNETHD. ZhuL, T=—
=T IRTA—BZ DN Z DIFEBETRD.

1987 A Spall 1, MR EOMAAZ CRERRNFEL BRI LS5, [FIRFHER)
fife ==Ll (SPSA: Simultaneous Perturbation Stochastic Approximation) EFEEi% 7 /LY R
LEAEELIZIYEL SPSA 1, T A—Z OIS, MBI AR Y 9 D18 B,
N 2[EFHRLIZIET T, RTCONRIA—ZEFHHTHT VAV ALTHS. D% SPSA 1T,
RREZEMET VoK e =2 — TV Ry NI — I 70 E | VAT KD /3T A— L H|EE B~

JEFHENTNBIC2HCEE 2 1c BT, B VAT LADBEIT, av e —50/35



A— SRR~ LT FE S S Tl 2 (v,

AWFFENL, PEEROFEL AT LTIE ] AT REZ Hl R 2 B IOIC, SPSA ZHIV e, &
TNTV=TC, POF L TATHIER VAT MBS DEICHIER OMRIEZREL,
KEEOT A — BN PATHEMA L TE DRI ERGET 2.

1.2 ETILERAVVGULGIERERET

HIERRR G FBIT D — > DEART, fEd R OBIET VAEHL, E7 MESE,
BRI CZEM A RGEL -2 b —T% RDDENE 2 LD, ZO8E, BHEET /UL

(P ERIERZ RS, BRI DT, EOIESBHICERBIS N, RUANR YA

TTFNLEELD. RTANR I AT T /L OE NN EERE AL, ERIGONZS AT
LD T =25 NT, VAT ARELMHIND FETET VEHET D, ZO%E,
AT OBMRZTE R T 578, —fRENTIES AT LD BRI EZ KL CUODERTIEZAR
DT, TIVIRYITAET )VEMIIND. ZORFEN ARX (AutoRegressive eXogenous
inputs) €7 /L ERFEILDH DT, AJIRFIZ u(t), HI1R51% y(t) BEO A XLHNELRE
DIMVEANT % e(t) ET DL, R(L-DDIolckEns.

Alq)y(t) = B(q)u(t)+e(t) (1-2)
ZITqIBBIEA N —2E KL, Alq), B(g)13(1-2DLBNThH2.

Alg)=14aqg '+ +a,q" (1-2a)

B(g)=bg " +-+a,q" (1-2b)

ARX ET VX, 7TV IRIAET VTIEH DN, HIR/STA—FTRIINDLZ AT
JREFFO/INTAN Y VBT NIRRT, BT N_N—AF G TES. LoL, VAT AR
EEATHIZE/RL, FRT — 20 narha—J% HEERDHIENTEb, KOHEER CTEF
Thb. 2000 LU, BT Na/r ST arha—J% RO LR EHED AN FINDIHT
727 BI{EETIC, Iterative Feedback Tuning (IFT)IC:2 €430 vsirtual Reference Feedback
Tuning (VRFT) €431 (€33 © Correlation-based Tuning (CbT) °** | Fictitious Reference
lterative Tuning (FRIT)3L o= HIEMBRSN TS, BT LR —AFRFHIXIL T,
ZNHDOREFHEEZ R T DM SNV FERRI L E/Z M, T — 2 BREN I HDV T T
T EFHENDZEN L. R SCTIRET VaE WO R GHES, FF
WO DIRNRY, £7 L7V —HIEIEFESZ LT 5.

-3-



1.3 Fictitious Reference lterative Tuning (FRIT)

RETLET NT)—HIHOENEZAMIZT D720, BT A7) —HEORERHFIED
—OThD, FRIT LHENDIL M—F DT ALK OV T, B35 CHK[CL-20)%
UL, 2O E AT 5.

IXUDIT, Fig. 1-1 DIH7PAN—T %5 2 5. filiixt5 GIEREREREL AT LEL, £
OEFFHEIRIN THDHET D, 2 ha—F C(p) 1F, K(L-YDICHERE TREND.

bzt +b 2l b+ 1
Cp) = L——"= :

(1-3)
a2’ +a, 2"+ a2 +q

SIC, B TORK, a b IEHRITRELL, R(LAD/STA—F I TERT

p= {ao ea, b bﬂ} € RvHutt (1-4)
ro. u(p) y(p)
—~ ) — @ -

Fig. 1-1. Closed loop system with tunable controller.

YN STA—5% p, LLIZOIA b a—F O (p, ) B FEL T — 2% 1= HREL, 7
nERLB)O LI T

Uy = 0 (loim ) (1-53)
Yini 2y ( Pini ) (1-5b)

I, BUBIME ST (p) ZU(L-6)DIINTEETD.
T(p> = C(p) Uini + Ying (1-6)

ZIT, RICABDISEE G225, LH5D 1 by FCOLEMBTHOMMEREREKT,
w5 %, AN(1-T) DA BIEL,



= ymi"1§f<p)” (1-7)

EE/MET DR EITOZET, arte—J%F a—=0795. (1-4), (1-5LY, 2D
BRI, u,, Ly, BVEETDHORT, FIFERR G O WA RO D LB E
BT NTV—IR RIS REL /25, FRIT T, 7272 —E7R20T — 22 B LI-0b, 477
A THRIEEEATOD T, b O HEL, ARGESLEBBHIT VAV LE, Fix D715
DRI TED. FleTF a—=2 T RTA=FINZWGE, 3 2 BTk 5 [RIRHE B g T2
EHWDZLIZESTC, 2R BIRR TED.

FHMBEELDS 0 &720), BARRY AR L DM T oA OBEE % Fig. 1-2 127~ 7. Fig. 1-2
TiE, ERAEECHORRES, FRARKELEORELRT. RiElicky, 4, &
T,7(p) BRICICZ2AUR, T(p') ~ T, L RARLIDZENTE, F7bb, avha—7C(p")
DPIHGNIT 2— =0 TSN B R DTENTED.

: Vd T(p) : A
—T— ) [ ¢ T am
/ E / i mr
7(p) N o *L/
/ R - : /f\{ﬁj\fvﬁ\
i T,7(p)
- Optimization /
Ty o

—T- — ) — ¢ T— T,
‘f(p*) 1 |

Fig. 1-2. FRIT tuning process.



1.4 RERX DB

AFROUE, 27 = CHEESID. 52 Cl, AR E-ICEY B, e
fbDT VTV XN TS IA R 18 B) i 2507 2L (Simultaneous  Perturbation  Stochastic
Approximation: LA F SPSA LFR3) IZOWTHEEE 2R %, ZZTlE, ZOHRKOFHETH
Dt FNROES LU MEAE TR ~%. SPSA DOULHMEE, EH VAT ACH L CEERRIIC
AEIS TS, LinL, AFFECIOEOIEEH AT MHL UIREH S TR, £
DI, BT HAAI 2l —ali, FEERRIA R EN RSN,

5 3FTIL, SPSA ZIFEH VAT AlITA L TA L Tl CEDIDNTH R T2 HEERL,

EBTNTV—IRESHIEROEBIELRE T D, RBETFETET VT —Rikit e BT
ZEEERICLTCODN, TORMEEZIALNICT D280, 22T, TWERIOIETEH /%
HERICENL, ZOMEBIOAIMENREND.
WAETIE, BETEET A— BNV O T /AL MHE NS RBERIER (CE AL,
BREFIEOERMIELIT). T4— BN DU ORBERIT, BIRRREIC L > TH AT
ANRKESEATDIEEFR AT L THLHN, EFIENERERIEL EOVERRHDHZ LN
REND.

% 5 BT, 74— EBNLZU U OB AT MNIBIT LY 7 e T LI il A
9. NOx ZFERIL, HilfHEE T 41U, Ko/ SZA e NOx HililR 2 MR TE5. LaL, Bl
TED NOx BV DIGEITEL, NI Z LN TERRV, ZD7, TV O RRER
b NOx BEHEE TS, Y7Me IR E 25D, LoL, BURTIZZOHEEREE A
1453 Thb. ERETR NOx EOHEEIL, B THFET, NOx AL F I IEEL T 57201Ch
HEThD. 2T SPSA #HWTHEIESES, Mt NOyx V7 MY OfpiEa 4L,
SEERCREES 5.

5 6 FIIMEHIRTE T, SPSA ZIERDET N_N—ARGHERA T 5 HIEEFE 5.
HIES R OBIRET N AT HIENTE, BT VAN —AFFHNFENETEDLO THIUL,
TERDPDIRESN TVDEHDOH L FIELFIATE, BELNWZLETHS. £ZT, BT /LN
— AR ORFIRRFHETHD, H> HlfEBIZ, SPSA AW TEAL T Fa—=r /s
DI EE R B TR, Av—MEEDOFFHHLRITEAIL, 32l —iar TEOH%)
MaRT.

IRIZER 7 3T, AR RIROR IR ~5.



£ 28 FEREZHERIU

AREETIL, ARWF7E CHERE T2 729 SPSA ([AIRFHEENfERUTED) EMHE 5 H(b
FIEIZOWTHERL 5.

SPSA 1, 1987 4EiC Spall 23 ERBL eI IEIC BT 57 LAV LTHY, #HH
RO @S i ROFFHEEL TWD. MEFTEIET, 70070 i3 foi (b (Stochastic
Optimization) 7 /L3 VR LD RFT, Spal 1%, EH AT MIXFL T SPSA NI 52
LRI SPSA 2 oW TS, SCHR[C2-2], [C2-3) TR RINICEE DB TS, ARFSE
T, 5 3TITIB VW THEHERZ: SPSA I B L, FEEH VAT LTBETEL HIELREL
TWD, 22T, GRS A AL Ll L7235, SPSA D H5 A R ~5.

2.1 FFEEREL

(LY, A RN T DT a— =0 T RTA—H ey N RO DREE TE %
TED. ZIT, RGO LEAE B 2 5. p IRTL/STA—FRITNVEQ LT 5L,
B DMAIE g(0) HREDG BT ARLIEE VDI LN TE, K (2-1)& H W TRRIC
ZORMEZ RO HZENTED.

6., =6, —9(6,) (2-13)

o1(6) _(or(6) or(e)  or(8)]

: ;e (2-1b)
06 06, 94, a6,

9(6) =
T, AT RIE, kEIHOAZL —ar BT 5.
< OEMBTIL, H/MELIZOBIEZ DL DITRDLZENTEDN, B OMI % K
DHDHZEWTERVEE NS, ZOHEIE, K(2-2)DMiMZESy
f(0+ce)—f(6—ce)

5,(0) = > (2-2)

PR EL THWAZENTES. ZITIRAF i, iBHONRIGA—FEEWT D, 372
DY g1, iFERDNTA=ZIKT LA EEKL, e, 1F, F(2-3)DIIN, @ FEHDERZED
F 1T, ENLSNDOERIL 0 L7425, BEE 52 DN\ TA—FERET LI ThD. F
72, clINTA=R G ITBBE 525, DR EOETHL.



1 0 0
0 1 0

Q=10 & T & T (2-3)
0 0 1

ZINEV AR VA RO DI, B f OEZ 2p BIRODMLENBHSH. €Tk BID
ALV —a TREIRFEIEEIL, 2pk L7020, STA—Z DR ZNGEL, FHEARN
HEFNIRELRD.

RIFFE B E(LTIX, ST A—ZIZRL, =T DIEBENE 5250 TIERL, £2/374
—ZIXL, —EICEEE 2 5. 205G, AlLEEPON(2-2)i%, KE@-HDIoicEHxL
HHND.

9(0) = (2-4)

ZIZTs I, LT OWEERFOEE SR HEE~I LT, BT (2-5)D&578, 1-1
INEHRTHBLTS, NI X— AT DL —H L A Th5.

@ [ AXL —varkBILOAEFE KL T iid (Independent and
I dentically-Distributed) .

® HITHED O THRIFRRIA.

® O0ZEER.

® AN THL.

s:{l, -1, -1, 1, -1, 1, 1, }T (2-5)

R (2-4) LY, i % HOEHRDEERIML A0, 1,

f(0+cs)—f(6—cs)

2cz.s

NG =

2

(2-6)

LIEFSI, B f O 0, [T DR OHEEE RS K (2-4) 8D, 1 RIOAREZ KDL
DIZUHERFIRERNL, ASTA=ZOBUIKAFET, DTD 2 72T L0, FHERRIT,
AR U EEAR R ABLIEL LRI, 1/ p ICHISHL, ST A—ZDEMNZVIEY, R
LB,



2.2 YRR

ZICUE, B f(0) BSRMHEBRGELICRY, [R5y 0f (8) / 06 1IN T 5L AR
ER

PB4y f(6 £ cs) %, 0T 2 WET Taylor BBIT 2L, 52560, 52T, X(2-7)
L72%.

f(0 +cs) Nf(@)j:csTf’(O)—F%cstf”(Bi)s (2-7)

CHED ARGER(2-4)

F(6, + s, ) = f(6, — s,
2¢;.5),
s. f'(, ) s " (6, )8, ckskf”( s,
Sk 4sy; 4sy;
_ Sﬂaf<0k> +m+m8f(0k) n Skp af(ek)

gki(ak) =

(2-8)

— ~ ~

s, 00 s, 00, s, 00

ol 1 1 7
+Ck3kf//< ) Sy Ckskf”( )

sy 4sy;

Ei2%. 22T, N(2-8)DWIFHEZ S 2 5. HEI~IL s 13, A(2-5)DIHIZ, WIFHEODT
B BRI D T, (-8 DAE LTENLE p I, i HFHEZRWTO THD. & p A
LIS, ZDOWIFRHMEIZ0L722D T, #R, i3 H D LRI T 350, £ ORI
K (2-9)L720, A XL — 2 NI EAHIZIN R 95,
B f<ék +Ck3k>_f(ék _Cksk) _ 8f(0k)

2¢,.5,; 0.

K3

(2-9)

2.3 SPSA(REFHESIRERILL)

SPSA I, fESRIT IR T 5T VAR LN THS. feEITElAIE, Robbins & Montro (2
£oC 1951 MRITIRESN Tz, BIMORE RO BARIECI T 5. BIMUE, /A A nZ&fkoT
BHISNDEE 2, BIE Y %,

y(0) = f(0) +n (2-10)



LBl HOHEEM O 1%, R(2-I)ICEVFIRINTRDHZENTES.
ékJrl = ék - aky(ék> (2-11)

TIT, o BELF DL,

klim a, =0, Zak = o0, Zaz < 00 (2-12)
e k=0 k=0

B e, 0, 13ReR 1 CRIEL £() DEOMR 0T ITULHT 5. Tk, RobbinsMonro 7
NAYRLEIER, e R COARNETHIS T2, ZOBA, EHMdy0) / do ZEATD
ZEIZRY, M (2-11)13(2-13) E7Y, B OMREE RO HZENTES.

A A dy(0,)
0., =0, —a,—~ (2-13)
" db,

ZNEET, 1952 4EIC Kiefer & Wolfowitz 13, R VI, K(2-14)D LS5y
V2 B R 5 7 it R L= 20,

~

. . 0. +¢,)— y(0, —
0., =0, +ay YO + )~y — ) (2-14)

Ci

ZIZT, ay ke T TR T IEOEE T 5.

oo o 2

a

. _ . . . k
lim a, =0, lim ¢, =0, g a;, = 00, E - < oo (2-15)

k—o0 k—o0 =0 k=0

ZOWE, BERRIIELT, X(2-16)ZHELEL TD.

1 1
ak = E, C/c = m (2'16)

0 7% p WL 6 DHEDO AR, W5y g(0) = 0f (8) / 06 £720, ZOIEEAIL, K
(2-3)DHEEN % G- R D/ T AR ERTET DD e, 2 AT, A (2-17)8725.

):y(éH—cei)—y(é—cei) 217
2c

6

g
HEEAH 6 13, R(2-18)IC LV PRI RO HZENTESD.
ék+1 = ék — 0.9, (ék> (2-18)

e, HIRZE eIl (Finite Difference Stochastic Approximation: UL FDSA E#4
-10-



b) LIRS,
(ZXFL SPSA Ti, F(2-19)D D1, HEWVEELE A~V s TRIFHZ G2 5. ZidD
FHREELL, NTA—ZOLBUIUKFE T 2[EE7D, FDSA SEHLTL / p L70D.

) 0 —y(6 -
é(”)zy( +cs)26y( ) (2-19)

8 DFF ORI, RINFEBEEELEFC T, K(2-5)DEH7%2, ~NX—A 5T 5
— T A NHTENTED.
RSS2 5AE, BN y ORDOIC, B4R AR L (+) Z3ALT,
L(é + cs) — L(é — cs)

9(0) = > (2-20)

LY. HURBIEEL T, BRI B R y,,, LT, S(2-20)0 “FHRBIEAR A
BILISTED.

L) = (v, —(0)) (2-21)

2.4 SPSA D%

SPSA DFEOERIRIZIZ, FDSA (ZITEWVEED 5. 22 TIXS B CHK[CL1-26] 45 HL
IR0, ZTORHEEFENT T 5. IZLDITROBER IR B2 T SPSA T, /3TA—ZD
BUEAFHE T, BIOF RN 20 LB DBN D, ZOHBERRIZ, "TA =20
MEWNEEFRNI/2 D08, 22T, RO Z 5373009 <F 57280, N"IA—=Z2OEK % 2
EF%. Fig. 2-11%, /3T A—4% 2 DRREIZIITS FDSA & SPSA DRI DB ToH 5.

A — IR KB OE R THY, 77 (—) 2 FDSA T, FH(—) 2 SPSA DOFRFKR
KAELZNZIRL TS, FDSA 13 RERE FERD T, ZOREKITHSREEA[ZRT )7
AT, ZAUCKIL T SPSA 1E, T4 AU+ — 2 DMWEEZ RN, FHIRIIIMRE
(2728 AL AR MIETII RIS DWIEN B TODA, SPSA T, 7V
KLY 4 — I REDOMWE L RO Z IR, HOREDO/FTFELZRVEZ 52 LN TE,
KA R IE OB 2> DI 28 232 k[ C2- 7)1, Kk B b 1R 1Y
FIETHLBIEAT VTV RAED BT, RS ORI 3o HH%R~RLT
V5.
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Starting point for _
SPSA and FDSA

Fig. 2-1. Example of relative search paths for SPSA and FDSA in p = 2 problem. Deviations
of SPSA from FDSA average out in reaching a solution in the same number of iterations;
FDSA nearly follows the gradient descent path (perpendicular to level curves) in the low-noise
setting.

(2% CHR[C1-26], Figure 5 05| )

RIZ SPSA DI KOFHRTH D, fHRNROESERUIZBERNT5. Fig. 2-21%, Hk
KA 2T Lea ha— LT h=a—F /L )xy NI —27DFE 2, FDSA & SPSA % /-
BlCThD. VAT AL 412 O/ TA—=EDFAEL, AT 80 [HIELCTW5. fiE- T,
FDSA CTOHLBKOFEREL, 2X412X80=65920 A THD. TIIIKIL, SPSA T
1%, 2X80=1601[01+72%. Fig. 2-250, A ZL— a3 2, 3[REIKGUVWETIE, FDSA D573,
RPN B T/NSL 72 D708, ZHLAREIE SPSA D 7 3MER B/ NE<720, 20151 H LA
BRI, IZIERL L THERB L QDI ED 00D, ZhdD, SPSA DOFFEZIERAEmNIEN
RIS,
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1.6 . . .

Total L(#) measurements
SPSA= 160
FDSA = 65,920 —

1.2

0.8 ft
SPSA

/ o

FDSA
/I\/Iinimum achievable long-run value

Normalized L(0)

0.4 n

No. of iterations

Fig. 2-2. Rdative performance of SPSA and FDSA for controller in a wastewater treatment
system.

(£ CHR[C1-26], Figure 6 XV 51 )

Fig. 2-2 128\ T, FDSA OB A XL —ar B EIFETHEML TWDDIE, ==
— T )L NI — I DERINLZETEL TN =D T2 A G S TVA.

-13-



EI3E ETII—HIEZRDIERK

PEERDEL AT WL, BHEN O KRR DGENZL, H— I W HEET L
BEHARNEETHY, BT NAR—ARGPEHA TERNIENZ . ZO5E, 1.3 HilZfEIr
L7z, 7 A7) —Hili# (7 — 2 BREhfil i) oOREF TH2 FRIT 2RI TE5. FRITIE, %
T —EETE—ERE TS T U, £0%, 7774 Tarha—30/RIA—F%F a—
=V T TELD ThoT. BEDOVAT LTI, RN E D720, VAT AD/RTA—
EWETBLIZDT D, FEFH VAT LTHLG GV, ZO84E, FRIT 220 £ %
T BZETTER,

REETIL, AR TIRET D, AL TA THER VAT LB DHISET LT —
A R OREREA SCRR[C3-1)I 29 - Tk 5.

3.1 #&E

PID HI4HIZ, I ROBIET N Z LT LOMLELLR, @O AAMEZRF, &
AT BMZIERIER o T, HOREFETHINTEDRE, BHEDOEHBRHL. D L,
FEENRGTHY, FE IR CF 2 —=0 7 T&HRE, ERNRRIELH LMD,
LF 7 e ZAOHEHZ I CD, EROHIETIIELELLIENHY, BIETHEESN
BT AT DD FE T 72> TS, Lo, PID I ha—TJ 0/ 7 A—HREIZBEL T,
AATEERR A B TIRRBRII AT O DG B N <, TIRICZ KRR ZZEL, v DB AT,
VP LS RIEIZTIEE TEHLITRERN SV B AT A TWD. R EE R L B O[]
(T DBHHL AN HITRIZENT, EED PID 2 b —F TS DR 2%
ST 2% 6, A M —TFOF 2 —=U T RTAZ ORI X, TS IEF N2 D,

PID 2> ha—J 0O /\F A= FBIEICBI LTIk, &</ Ziegler-Nichols ultimate
sensitivity methodiZ AR SVARRERIY TIED BV, HlEXISROWED IS, HATHT
NFRTHIUTANRIFEREL THDIVTWDD, 2 AT NTITRS TERW. Foir
., EAABIZE S THIEIRI D H>® 7V AZFES\NT PID 2 ha—F 035 A— 2511 E
THRHFHECAS, RTRA—HFHFED FIEE ZHANL TR B2 0503, T
XLV AT DG IROALIZ0, H® )V LD ED 7=\ HIHR S OBIRE T L% W
FLLTE0T 7L, PID I OF| A INIFI SV TOZRWMAIHE 2385 .

A h =T DT A=LFFHHEECEIL T, BEHEHEEIC L B b EE L TR 15
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BATOITEY, V= MEb ST Ll — i bikig, Z<oMviLit
RAEVELT D20, 774 TORFBETIIRBEERSR20D, T 4RIV AT LD
B EA kGRS 7oA T F a2V VO, T A— F B AR N A2 B T hE
PED E OO THERTITAR0 .

ZITUL, B 2 BT LIZEHRD RO BVl 7 VTV AL THS SPSAZIEIEL,
HEH AT DKL, AT TG T DHAER O RIEZ IR ~D. 1ZLDIT, SPSAL
RIS ITELE T D FDSA LHET 52 LI kD, ZOIUREFEZHSNCIL, D%, 4
YIA TN PID fHRICH R T 5. #ETFEL, THER®S 2 AJ) 2 HHOIEER
MIMO RIZHE AL, v =l —vaicky, 2ofa etz Ry

3.2 fHlfExER

FREEIC WA HIEIRI G, Fig. 3-11Zd, THEAR O8I 4 A R EREE7 L ET
B. BRAERIT, ZRNENOEAM,,, My X5 f, f, ThHY, HEEITEAM,,
My, DENENDEN 2y, 5y ET D TNZNDORIT, THIEE,, ¢, THRAESHLTH

Fig. 3-1. MIMO controlled object with interferencéhe system consists of parallel 2-DOF
vibration system. Each system is connected byritesference terme;, and £,. The inputs
are f, and f,, and outputs arer,, and ., .
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il oo TR AU T (3-1)L 7%

my &y = —my 2y — ko e (3&12 - 5”11) + kpy <x12 - x11> (3-1a)

-6 (3'”11 - 3'”21) —k; (xn - le)
Myyly = —Cpy (5”12 - 5&11) —kyy (5512 - xu) + /i (3-1b)

My Ty = —CoyTyy — Ky Ty + Co9 (5522 - 5521) + kyy (5’322 - le) (3-1¢)
+¢ (iu - 5”21) + ("En - le)

Moylay = —Coy (j;22 - 3321) — kyy (xzz - 3321) + Iy (3-1d)
PRI 2%,

3-2)

. . . . T
T = {xwxlzv$217x227x117$127x217$22}

k%<- j\jj%g%mlg, m22 /\'ﬁzﬁﬁ‘g—éjj fl y fi ) Hjjj%g%ml2, m22 OD/E,QJZA 1’12 ) 1’22
L,

T
w={f.5} (3-4)
T
Yy = {:1:12.%2} (3-5)
LiEE, (3BT 2 AT) 2 ) OARAEZE R 3282155
= Az + Bu
(3-5a)
y=Cz
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1
A= —ky =k -k kl_? i 0 %276 %12 G 0
Ky ki, 0 0 %2 %12 0 0
7’L12 "LlZ ’"L12 ’"le
7:_1' 0 —kyy ;km —k; :‘:_2 T;_y 0 —C ;:22 —G %
0 0 @ k. 0 0 L2 "%
"L22 7’L22 ’"L22 ’"L22
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Table 3-1. Parameters of controlled object

my, 1kg My, 0.1kg
Cs INs/m Co9 0.2Ns/m
kL 10N/m Ky 10N/m
my, 1kg My, 0.1kg
o INs/m Coq 0.2Ns/m
ky, 10N/m ky, 10N/m

k, 2N/m

c; 2Ns/m

(3-5b)

ZDVAT LDAT v 7 InE % Fig. 3-21277. Fig. 3-2I28 W T, ZMOKIL 1FEE D
NI SR BI85 %, AMORIE 2 FAOAN) ST 28522 N 2R, £,
EOKIZT 1FB O 2, &2, TORIZ 23 B O 2, DISEZTNTIURT . 2Ok
RV, VAT DT HRHH LTRSS,
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->
fl X

->
f2 X

12 12

0 1 2 3 4 5 0 1 2 3 4 5

Time (s) Time (s)
f=>%, f,=>%y

0.3 : : 0.3

0.2

N
x
0.1

0

0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)

Fig. 3-2. Step responses of the controlled objethe left side plots show the responses for
the first input f, and the right side plots show the responses fagghend inputf, . And the
upper plots indicate the responses to the firgbudutr,, , while the lower plots indicate the
responses to the second outpyt, . Since the upper left and the lower right, eacragstem
has different vibration characteristics, and sitieeupper right and the lower left, the system
has a certain level of interference.

3.3 SPSAIZ&B PIDavkA—5DFa1—=24

ZOHITIE, AIEOHIERIZIZ PIDaY ha—F % fiAA:, SPSATT 2—=7F 5. [A
CRIEIZHL, FDSA TF a—=0 7 LT REHT 528128, SPSADEELNRD &
&, Kb o b DO FHEEZ BT T 5.

3.3.1 —X 1:Dualarka—5

Fig. 3-1DlEGIZX LT, Fig. 3-30#i&E &> PID MR AT 5. €, L0, 13,
EHHLE(B-6) TR AR AR D PID 2 b —F2 L, Fa—=U FRFA—=HLLT,
LB Av K, B T, , oW T, 2855, € 1%, 1 & H ORI Ry, (= 2, )2 B
i r, D7 e, THRENSIL, C, 13, 278 B Ofilfl & y, (= 2y )& AEHE n, O e, THRENS
nas.
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C(s):K[1+i+Tds] (3-6)

Fig. 3-3. PID control composition for the intedace system: The controlled outpujs
and y, are controlled by single controllef’, and C, respectively.

KA =T DF a—=2 T RTG ARk, K(B-TWDINTRILTHRT . ZZTIRAT
%, AP =T DNFGA=EERL, Fa—=2 T \FA=ZOHIT 6 [HL725.

0={K T

T
a Ty Ky, T TdQ} 3-7)

BIRBIENT, (3-8 TRT, VTV T ZALTIERILLT, B SE m DR %iiE
D 2 A ETS.
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L=1I+1L, (3-8a)

L) =13 e (i) i) =u (i)~ () (3-8b)

L(+) =LY (i, i) =u()-n(i) (3-8¢)

1=0

BEEE 1L, 0 0 1ISSeh ENDAT Y7 BSREL, BEEE, 1X, » SITH60T, 0 230-1
2B T T AT 7 BT 5. VAT AT TFWIERH L0, ZNEo BEEIX AV
OHIEEIH K T D5 B%E 5259, D7, arha—J% il ikt 208035
2.

R HIEZTTH 720, ThENO PID 2 ha—ZOYIHIEIC Table 3-227R 9%
T, SPSATHRIEILETTY. A XL —ar 50 mfEDEE% Fig. 3-41R87.

— — — Reference trajectory
Initial response
— — — B0 interation
---------- 100 interation
; 15 T T T T T T 150 interation
- 200 interation
=]
g 1
=] L
3 17
- i/
Q
o 05 7
=]
c
(@]
O 0 1 1 1 1 1 1 1 1 1

Time (s)

Controlled output y,

2 2.5 3 35 4 45 5
Time (s)

Fig. 3-4. Step responses under dual PID paranteigirgy by SPSA.
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Table 3-2. Initial parameters of the dual PID colfer

Initial proportional gain K, 0 10
ol Initial integral time T,y 2
Initial derivative time Ty 0.1
Initial proportional gain K, 0 10
C, Initial integral time T, 2
Initial derivative time Ty o 0.01

Fig. 3-4 DEMHR (—-) 1, ZRELEEL T X 72bDTHD. 2k, 100 [FLAFEDIRE
(ZIERERZERITRES, 150[A155 200[ENEE T, ISEBIRL TWDIER15.

SPSA I, NTA=ZDFFNIEEZE HWTWDDT, £ 0 Fiif il R B AT 5
ND/RT A= DB 055, 22T, SPSA OREZIALINIT D728, Z D kit
(LIEFEDOME A FELS R T ZEET 5. Fig. 3-51%, 1,000 D22l —a 2470, £
DIHFFEZ T RTAE R THDH. 2 TORITIZEBWT, PID 2 ha—J70O##ifEIL, Table
3-2|TR A VTS,

Fig. 3-5(a)%, ¥V —ar mEuTxt 4 o LB OHER 2 S L L TRLTWD. Z
DT, HABBOEELY, v~ 7 OESELTRELLTEY, 2L, w7 BREmniE
E, BRBHBMNFRICLEZAZEIE T AMERNE WL EWRT 5. 2k, /¥ —Ta A
BSHETITHEV Y, ~ o7 DRI <72, BURITRL TV DI e 0D, FDOELR(—)
I, HAXL— a8 H~y T OTEEEREATZBMEORTHY, KbEIVH DR
DEVERBBOHEE AR L QD TR, PG AE 1 LU CEBMEL T
W5,

Fig. 3-5(b)x, Bl AL —at a4, MBI E L C, HARBBOHERA 21k

T L THRILIZb DO THLS. BRBEBOEEL, BT —<y 7 TERLTEY, #RIRD
IFEBEENE NI EEZRL TS, 2D, 100 BIEE DA XL — a2 T, IZFPCRL TV
HZEDTTD.

Fig. 3-5(c)%, KAX L —arORREBOHERLIZLOTHSD. 5D NESWIEE,
PHRLTWDEF 2D, ZOMNBY, 100 [FEEDAZL— a2 T, 1ZZNCRL, 150 [A12
BT, i W72 TWDZED %,
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bW, SPSATITELEZ WV Thaifb 35720, IR, mHaliTl LI ®2 58
DD, AZL—Tar PELIZHEV, BWYIRREEENFONDLEEZBLND.

WAL, BAEINAFDNT-a ha—F DT A—2 % /MEET 5. Fig. 3-61%, 1,000[0 D17
(L BIOFITIX 200/ XL —ay) THELI, % PID 2 ha—JOED534i%, LA T
LATERLELOTHD. ZOKTIE, Table 3-21 7T EWIMfEE 1 LU CIERMLL, F1E
MHDEAFREZRL TS, NIA=FT, FibT DM RO 00, ME—Tids
WZERGND. ZTTHBREW I, BRBBITIURT 2000, ZORD/T A2
Me— Tl fERMERHHZETHD. T LY, FRICZIEERHHZENHEEIND.
FDSA TITHIHIMEZRE ST, ol RRIRNIEME—ITRED. 2T 720D, &
B REAIEN AR AT T DI, ZIENED S DY AT MR LTI 2 B R L7
TFHURZRBINZEE BT 5. ZHUCKIL SPSATIE, HIIREHEA f/IMELYD, TRV EFH
DFEfFZ ROTFHZENTELDOT, FIMHEDOZEIUCEAL T, FDSA LEH#ZL, BU&T72
WEEZHID.
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(c) Variance of the loss function

Fig. 3-5. Optimization process: These plots a®wsi from various perspectives for the
frequency of occurrence on process of loss functiothe (a) and (b), the yellow-to-red map
expresses the density of occurrence by the coldrhaight, and blue line indicate the mode
which means the most likely line of the possibibifyoccurring. In the (c), the variance of loss

function is plotted each iteration.
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150 500 150
400
? 100 ? 3 100
S S 300 S
& & =
o @ 200 o
L 50 i o 50
100
0 0 0
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Kpl Til Td1
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Fig. 3-6. Parameter histograms after optimizatitipper side plots are the results of
controller 1 (C;) and lower plots are controller 2¢”(). Each parameter indicates the final
value after adaptation reaching to same labelssf fanction by SPSA. These results indicate
that it is able to take variety values to achiebed.

3.3.2 —R 2: FHIEMEMNE Quadruple 2> kA—3

Fig. 3-1 OHIEIRO I, THHEIIHDL IR ROILET A HNELNTNDHE
B, BHIIET VML THZENTED. LM LARIIETIL, HIEROET Wba mnEEL
RNET VT —HIHOEEZINEL TODD T, BT /VIE#HE VW TTFESRITKR
Ja HZ LA D.

Fig. 3-7IZHllHR OMEEZ /RS, THIEEZME 5720, C) L0, D 25D PID= bR
—TJZIBIIL TV, & PID a2 ha—2120, il (o, f&5 e, e o 3->m)
FA—EWRBHDT, FREKTHE, 12 HDF a—=2 7 RTA—END. 22T, Cy &0,
ETHIEIL M —F LI, O & Cy A BT M —F LIS LT 5, THHE br—
TOREEIL, Eahr—FLEC, A (3-8 RGO,

% PID = hr—Z ORI E% Table 3-3l2~ 3. T he—ZICBL T, 3.3.1HDF
Wz hr—I )8 Dual 2 hr—F DG LFRUEZ VWS, EeFlEa ha
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—ZWZBAL TR, B A ORHEE 01ZL T, I ha—2 2@ 72 REED S i kA
BIEAL CTW5. T bbb, A XL —al BRIV T, Dual 2o ha—FERULHET
H5.

AL —a 50EIEOINE % Fig. 3-8127~ 7. Fig. 3-40F¥HE= hr—7 734y yDual
arhe =705 LFEERIZ, 50 [EI2:5 200 [EEEDAZL—a T, JWERRRL TWD
ZEMTDD.

i Y
#=Ax+ Bu
y=Czx
| I 62 Li.-,
A C, Y,

Fig. 3-7. PID control composition of the quadruptatroller with cross term controller for
the interference system: The cross term contrallgr and C,, are located to compensate
for the interference. The controlled outpuss and y, are controlled by dual controller
which consists the main controller and the cross twntroller, respectively.
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Table 3-3. Initial parameters of PID controller
Initial proportional gain K, o 10
Cy Initial integral time T11 o 2
_ Initial derivative time Thi o 0.1
Main controller
Initial proportional gain K5 10
Cyy Initial integral time Ty 2
Initial derivative time T o 0.01
Initial proportional gain Ko o 0
Cy Initial integral time Ty o 10
Initial derivative time T o 0.1
Cross term controlle — : :
Initial proportional gain K, o 0
C, Initial proportional gain Tm_o 10
Initial derivative time Tis o 0.01
— — — Reference trajectory
Initial response
50 interation
---------- 100 interation
; 1.5 T T T T T 150 interation
- 200 interation
>
[oR
5 1 —
(]
°
Q
S 05
€
[e]
O O 1 1 1 1 1 1 1 1
0 05 1 15 2 25 35 4 45
Time (s)
N 0 T T T T T
>
5
[oR
5 -05
o
e
Q
5 1
€
@]
O 15 1 1 1 1 1 1 1 1
0 05 1 15 2 25 35 4 45
Time (s)

Fig. 3-8. Step responses under quadruple PID deastuning by SPSA.
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WA A REER Fig. 3-91R” T . B, () KRB OHER 2 LT 3Tt S, (b)
BB OHER L Aia R UTZ 2R TIX, ZLT, (¢) BAXL—a BT HEAMED
NECCHD. TWIHEI ha—F M5 Dual 2~ —J O i A7~ U7 Fig. 3-5&[AEELS,
150 [l ZE DA XL — a0 T, HEBEEDINIRL, 73, 1T 0 1285 THDHIENRI)
2.

Fig. 3-10i% 1,000E 03T THRLTZ, EILEND PID2 ha—J D/ T 2A—25i% b
ANT T LTRLIEBDTHD. NTA=EREFT 12 b HOICHEDGT, ik I 5t
MBS LBND. /ST A—HDOINEEZEZ =855 T, R REHRL )5,

L EDOFREREY, FHHa b —J %8N 2Z8I28- T, Fa—= T /RTRA—478 6
{EDES 12EA~EFITHEZ T Th 0 b h T, SPSAT, 1 FIE RN FFEZ R Z 803y
1%, ZIEY, SPSADFHRNIFRPE N LN RS LIz,
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Fig. 3-9. Optimization process: Each plot shoves ¢haracteristics almost equal to the dual
controller as shown in Fig. 3-5 regardless numbpacameters.
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Fig. 3-10. Parameter histograms after optimizatio and 3rd row plots are final values of
the cross term controllers which had been set tavodk at time of beginning of the iteration.

However the parameters are adapted to a certaiibdison.

Fig. 3-5(b)c Fig.3-9(byDHE KB ORI CIEE L TAHDLHE, T ha—J% L
7= Fig.3-9(by> 1573, BB NS R TWBTEN D, WA ERREL, Hikl
=DM Fig. 3-11TH 5. 200[EIDAX L —atk, fHN7- KO E% Table 3-4R
. FEI b =T 2N 5281280, HRBEIC I DRHIE T, K 33%DEE LD
N5, ZOROIEEZ, Fig. 3-122F. 1% H OHlHE ¢, DIRFITITLEDLRVD, 2
K H ORI E 2., 1%, A—/ = 2= MIHIS I, FBEa M —Z2 ML 52, B
LR HEASE RGO TNDZEN DD,
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(a) Overall view
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(b) Enlarged view
Fig. 3-11. Overlay of loss function processes doatroller and quadruple controller: On the
dual controller (6 parameters) and quadruple ctetrgl2 parameters), the convergence

properties show similar process regardless of timber of parameters. And on the quadruple
controller, the reached loss function achievesbédttan the dual controller.
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Table 3-4. Loss function values after convergence

Dual controller (Without cross term controller 8.0

Quadruple controller (With cross term controllgr) 0.02

Target reference
15 - - — — - Dual controller
;‘ .= = Quadruple controller
o
s 1l —
s Cf
e
Q
© 0.5} 1
c
S
0 1 1 1 1
0 1 2 3 4 5
0 T T T T
>\(‘\J
2
5 -054
o
U ~
g l.‘— ~
o -1H
= &
S
_15 | | | |
0 1 2 3 4 5

Time (s)

Fig. 3-12. Comparison of step results dual colerohnd quadruple controller: On the
quadruple controller shows the performance bettan tdual controller especially at the
transient points.

3.4 SPSA & FDSA O EEE

SPSAIZ FDSA L[RIERIZ, FERIT AR T2 FIE THHTLE IR~ Tz, £ TAS
TIX, FDSA LI d 5281280, SPSA DU, 36 K UGRE O TRARE )2 Wkl
2.

FDSA IZx 3 2B E L, RiRd SPSAZIEH LIFtedl—Ths. 37205, [
RIBEICKTLC, HER O, 8L PID = b —7 O E[FIC S35, 858
BOHEEE FDSA L SPSATLIRL7-H D%, Fig. 3-13117 . (@I THHEa fa—F0
HNGET, (DX THHEA b —I 0836555 Thd. SPSA T, HBRBIMOHER 1
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[F] 5725728, 1,000[82 2L — v a LISGEOEMEOT A L, e BETA THEN

E AR CT/RL TV, (@Y /LHE, FDSA T, 80 Bl A A ITLIED A Z L — a AT
THABBIZEILD AL LR 3035. —F, SPSA TlX, A¥L—aroiiinkit
2, BRBABIBA L TWDI LR TESD. 2K, FDSA T, JRPTgIZkEy, i
EDRE TETCURNEEB X HID.

FWIHa b —F 2 NL7-(0) TlE, FDSAH SPSALD, 12F, R~V E CHIEIL
DL TS, SPSADIHGHEL IS, it ROBATE, 1FX FDSALFRIFREE L72>Tvh. L
L, SPSA DRAAEICI51T DU HUHRE T 2L, FDSA 3G TIETHLDT,
SPSAXVEN TS, L)L, FDSA Ti, 1 BOA4L—a122&, SPSAD 12
ORI OFMAE T 20T, FHEIANL SPSAD A, KIBIIKHIN TWDHESE X
.

ZNBHEY FDSA TiX, VAT AIZL> ULRFTRIZ IS FIREMD 8503, SPSATIL,
ZDAREMEDMES, FolfRRRRE NI DMEN TV DHEE R D.
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(b) Quadruple controller (with cross term contmlle

Fig. 3-13. Comparison between SPSA and FDSA.
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3.5 AUFAFa—=2 ~D¥ik

33KV A TIIATIAL COF 2a—= T IZONWTIRNTE. KETIE, FHEF
VAT LTEIET DI HIER A D720, FIEEIEA kS SR T, kR
T IA L TRBILEATIZ L EZD.

3.5.1 [HfEERTE
HEEEATLELT, BEm, HEc, WML 2EEBRE%CH 5, Fig. 3-14187 1 H
HE RS AT L% 2 5.

70

Fig. 3-14. Test controlled object with time varyiparameters: The input i$ and output is
z , then the massn , the dampingc and stiffnessk vary independently each other.

VAT LAOEE AL, (397D,

mi 4+ ct + kr = f

mo=hy(t).c = hy(t).k = hy(t) (3-9)

22T, m, e, kIF, TREIVNLCEB § 560895, ZORIC, M(B-6) NI IRER
72 PID IR AR L, Fa—=2 T RTGA=F R VA

o={K 1, 1,) (3-10)

ELTC, SPSAZINA Y T4 Tl ba475. Fig. 3-1512, SPSAICL DA T A )it PID
R O R Z 7R T

AU TA TGS EAHTZOITIE, /XTA—ZO R FHEBENZZIRENATOLEN DD, 1
Hefy72 SPSATIE, /T A—ZDOEHT LIS, & TO/TA—FZFRIRHIZ 2 [FHETSE 2.
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Fig. 3-150 6/ |, 6, 1%, EH LI ELADEERZNAT-bOT, £ 2 (3-11)
FolEzons.

+
0, =0, +¢s,

91;+1 =0

(3-11)

k1 G5k

FRIBIEC L) 13, FHmX 2 m S 7V 7L, A(3-12)D e fnpdt7%.
m(k:+1)71

()= 3 w(n—(y+n)) (k=01 (3-12)

i=mk

ZIT, w TEARBEE, EIFAZL—al B ThHD. SMELd /AR n OFET, m TN
R HZLicdy, FEUEL TREZBROBRIRI W TX2.

pad
r —=0O—e—| ((s5,0) —»O—- G(s,t) —O—o—

0
I L

o SPSA |« L(s) |e

0.,
r 0 1

Fig. 3-15. Composition of an adaptive PID con&ollSPSA optimization algorithm perturbs

the parameters to plus side and minus side seqligrdind updated the parameters at once.

352 AUSAVHEIEDI=-HDHER
SPSATIX, R(2-2DHEEF (2 ¢, &, RR-1)D/STA—FELET AL 0, DFXENEHE
THDH. 22T,

o HIEDOEEIBLMEELKELT 5.
® FEfEIZIUREES.
® EILENEAKSED.
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ZLEEEL, CHR[C3-5 TR SN TODHE(3-13Y K (3-14) B 1ET 5.

o =c/(k+1) (3-13a)
o, =a/(A+k+1) (3-13b)
o =c/(k+1) +cpy (3-14a)
o, =a/(A+k+1)" +ay., (3-14b)

ZNEVEBEY A ¢ LRTGRA—EET A2 0, 1%, AXL—ar BIIRE S IIREEH)
L, AZL—var T LB I, FEEINC—EMEIZPORL T 2O I T528128D,
%D DSBIEVER - Th, RFTEICHRD 2L, BlEOERN AL RS, 22T, v &
o TR ERTE T HIRIEAEILT, /A XD RESFTRIET D, F .y &y 13, TG
ERRGESE DT, ¢ a2, 0 IORLARWIINTINZ 2B T, VAT LAOEBO KES
BLOESICIRETS.

T4—=RZHHR T, 2 ha—FDF a—=0 T RFGA—=L - RINL § DB TH
MARLZEITESLE, HRMEL (o) DNEBITKRERD, RIA—LPWECTHSH, 5
RLCLIMEMAHS. ZDTh 0, OFFHIC, 2(3-15YC/ T HlREZIT 5.

® RILHVHIIR:
6,| - sl6,| <6, <|6,] +6|6,] (3-15a)
® JIEAYMHIER
0, -6<6,, <6 +6 (3-15b)

5 1%, EHICHIRE 525 EOBMMEMTHS. 2084, MEMHIRTHE, 6, 11
ERTDD, THEMHIRCE, 0, %1, $-IXADRDIELRS.

3.5.3 /A RXRELTODEMRFH
JARBREACIZ BT S Fig. 3-14DHFEE /T A—H ZFE ORI R T b e —F 0
BRERHEE, V32— ar THER T 5. REET 5 Simulink€7 V% Fig. 3-16127~77°. H
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FEAS B0, YRR & 8 I B & 4L 12— o IR A 12 & Te, amplitude modulated
pseudo random binary sequend@sPRBS ¥ TN 5T & IME B4 5.

System noise Measurement noise
Random M Random M
I-M_— Numberl Number
50 0.1
I: > Scope3
Fixed PID
NS
Y Y I
Outi Ng Inl Outl =©_;ln| outt [ =O »
APRBS Fixed PUD Variable Plant I
Variable PID LTV system |
N N\ —>
\ Scope
- Ini

A2 4 l
—

5 Kp )4 v
p{Ti  Outt —>@—>lnl Out1 T.@
Td
I—/_>Adaptive PID Variable Plant1

SPSA Loss function
Peturbated theta {

Int ¢
L Inl |4 Qutl

In2 4
Lheta Loss function

SPSA2

Fig. 3-16. SPSA adaptive PID control system.

HIESRI RO T A—Lm | ¢, ki,

m = 5sin(0.01x 27t + ¢ ) + 6
¢ = 5sin(0.02 x 27t + ¢, ) + 1 (3-16)
k = 20sin (0.05 x 27t + ¢, ) + 10

DI, ENENIRRD A TEASED. FHTHEIBIOMIEIZEL TiE, ADfHEEE
TAAEISE TRERNLZEILL, REERIIKT D3 b —Z D@ IGHEZ T2, Z0%

IZHL, $2E 5T T SPSAICLZi#)G PID 2 b —F %4545, )5 PID 2 he—
T DK T A=, Table 3-512/R T LB THS.
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Table 3-5. Adaptive SPSA PID parameters

Initial proportional gain K_O 100
Initial integral time T, 0.8
Initial derivative time T, o 0.15
Number of evaluation point m 40
Control period ts 0.05s
Parameter update period 2m - ts 4s

Ralb—valfERE Fig. 3-1700R 7. Fig. 3-170 1 BtH B, HEK RO/ T A—4
ZEEN A I CIERALL ORL Q0. B EAIER A O R E IR TRESEBHL T
WABZENFERTED. 2 BB, b —T 03T A—2 2 YIHNEZE E LTz, [EE PID =
Y ha—FDIET, 3B HIE, SPSAIZLZiG PID 2y b —FDIGE Thd. [HE PID=
VIR —T T, IFCDITT AT LOANTA=ZEEHDIRNDT, BARE (—) (il & (--)
DNBTEL TWD. T A—FDEENTHE MR 2 ITFREDHE 2, 30~60s f11rTld, HAEE
INHRESM, IRBIL CODZENRHD35.

ZAUZXL, SPSAIZEZM)E PID =i b —FClE, HEMEIZ RAFZTBIEL TWDIEN
D, 4B BITRKREI L OHEREZRLTEY, LA 0T HIICEfEL C\oHZe
oy, 5EBER I, PID/ ST A—2ZIME CIEBULLIZG A D, Fa—=tFRTx—4.
o0 = (K T T, OBThD. STA—SB, EHIEMO 4s ZLTHHSAT
WDZEDHERTED.

SPSA T, N"IA—=F_I ML g ODEEEEHITEZ DD T, FHHREFITEEER D73,
WY 2 525281280, BEORITIZEWTY, T 22 L B/ BIER S
TR ZEZMERL TS,

DOEND, JARBE FICBITDEEERDTD, VAT LIAREBRN AR % N2 5. %
NWEND I ARXD 53 % Table 3-5LL7cGE DI Iab—alfEfia, Fig. 3-1812R7.
WIS ED, V=TT A PNNAT AL L7257, B A XIBHET DI HIE &G
B DN, REEIIeHIEIRBREL TODDRIDND.

-38 -



Controlled output Normalized variation

Controlled output

Theta
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Loss function
6 T T T T T T T T T
4 .
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0 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Variation of system parameters — — — Mass: M
T T

T T T
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————— Controlled output
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Time (s)

Fig. 3-17. Response without noise.
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Controlled output Normalized variation

Controlled output

Theta

Table 3-5. Noise variances

System noise variance

2500

Measurement noise variance

0.0%

Variation of system parameters
T T T

T T

— — — Mass: M

———K Tuning parameters
T T T

0 10 20 30 40 50 60 70 80 90 100
Loss function
T T T T T T T T T
1
0 10 20 30 40 50 60 70 80 90 100

Fig. 3-18. Response with system and measureme&@sno
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3.5.4 BRFEDHE

FEYER)72 SPSATIE, /T A—ZO R L RIS EHRIPIS 2 MIOFHiZ L BEE LTz, &
7z, R(B-12D B KB A TN 272012 E m DV TV T H BT B8, RTA—H
OEFERNL 2m Fo T NLIeD, AT MO /3T A— RSB DSE O A B RED R #1277
5. FZTIITU, BUEERrMEZ ) ESE 2282 5.

XU, AELOHEREN §( 0 ) ZMIRIZE TS R, HRRIE O P
&, 2[00 1 mELCRHAEZSRE S LI ESE7- SPSAZE A5 Z g SPSAL:
HIZEicT 5. SPSAUCHIT 2 ARIOHEE §(0) 13, (E@-17)725.

()= —— 5 (3-17)

ZNEVHAET AT AOMERLIE, Fig. 3-150°5 Fig. 3-198720, Fa—=U 7 /RTRA—H Xy
MV @ 202 HZ L7 GHEE I BT CE DI 5.

d 1l

POy 00 >0—| G0 y
P

SPSA |« L(s) |-

Fig. 3-19. Composition of an adaptive PID conéolising SPSAL.
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SPSATTIIFEHER 7R SPSALLLILL, A fERRICHE AL L — a3 X 5708,
KB DOFHMIEBU LR DL 2220 2 M [C3- TN ESIL TN D.

WITHRRBIEL L (o) A — " To TSR T, U= 7 URpBaHIT 58512, R(3-12%&
X(3-18)IETET 5.

L(+) = _Z” w, (1, = (v, + )\ (k = 0.1-) (3-18)

IhERAAETHE Fig. 3-208725. ZZTHIA—N\TGy T @®THY, | < m&7ed. 13
RELIpDE, HHOBEN R/, IBER I LT 20 EAMIEZ 50T, VAT
LOEBOHSIGEC TRIET S, | = m — 1 ORI EY T VT L7,

AT DDIST A= B IEENE I BET DL BT DT, ST A= BB
LS %, HY(3-16) XL, K(3-19DIHIZ 2 fFDHESITT 5.

m = 5sin(0.02 x 27t + ¢, ) + 6

¢ =5sin(0.04 x 21t + ¢, ) + 1 (3-19)
k = 20sin(0.1x 27t + ¢, ) + 10

LLEDSMT, B FIEOER AT A~ BRI R T 5. milzE %
W HEHER 7 SPSA R HIRTE V- SPSAL 2R A THh AL BAL SPSALE v /-
BAOBIERHEE, Fig. 3-2LIR T . 22T, 45 PID /37 A—2OwHifEIL, Table 3-5C/1
FARUERYZR SPSADSGE LIRERDEA FIV TV,

Fig. 3-21ClX, EDBIEIZ, XG0/ T A—2 258, FEHER)7: SPSA SPSAL LT
R TIETHHL B SPSAIDFERAZFL T D, 10~30sfHL% 7oL, FEHER)7: SPSA
ZHAWZSGA T, VAT AONRTA=ZEEa b —F B ETE T, A B A E
MHREIMLTND, ZHUTHL SPSALTIE, 20s 3L T, 1EIE, BAEMEISERETEDHLD
ICa b — IS L TOD I EMnD. S5 B SPSALTIE, 10(SPANT, HIEfE
(SN TIBIEL, FOHLIBUEEHEEFL CODONSND. TNEdar ha—F/37 R
—4% 0 OB E, 5~7 BB, 5 BEHDDIAEIZ, BEHER7: SPSA SPSAL LR AY
SPSALL/2 > TN, ENEND/ T A—ZH AN, 4s, 2s, 0.0565 7 /V) Tho.
I, BEFIETHLU RS SPSALY, @G L CWDIENERTED. & 4 &
BELOE 5 Hom HHHITIE, ZORETIEZHNTNS.
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CIIror

(a) StandardSPSA (double-side difference approximation)

€ITor

E—(— m —>
L0) f<—(—>i

T L)
L)

R R

(a) StandardSPSA (overlapped single-side difference approxmnti

Fig. 3-20. Evaluation of loss function.
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Controlled output Controlled output Controlled outputNormalized variation

Theta Theta

Theta

Variation of system parameter

— — — Mass: M
Damp. : C
== Stiff. i K

20 40 60 80 100
Standard SPSA
Reference
2 ™1 o ! o TR Bkl Controlled output
0 Jv i ;
> } Ii‘ v 3 , . Py % . i
20 40 60 80 100
SPSA1
2 T T T T i
s
O | ]
-2 i i i i N
20 40 60 80 100

Improved SPSAL

Time (s)

100

Fig. 3-21.
SPSAL and improved SPSAL, respectively. The stdn8BSA can not follow-up to system
parameter variation, but the SPSAl1 has settled afteund 30s. In the improved SPSA1
(proposed method) follow-up promptly after begimpifrrom 5th to 7th plots shows the

Follow-up performance for time-varyifgom 2st to 4th pots are standard SPSA,

processes of parameters of standard SPSA, SPSAmprulle SPSA1L, respectively.
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3.6 WRMEDREE

TEH AT MMZxET 5 SPSAOUUH ML 2.3 CRlHIL 72, LI UAIFZE TRV IE
TE AT MK HEERIZINEECHD. FZTARENTIL, 25 CH[C3-8)zfEicE T
N Ral—va AL, WA RREET 5.

IR 50E, 3.5 1THL[RIEED Fig. 3-14T/REND, B/ RTA—HZFF> 1 B H ERE)
RETDH. BEEE 0.2HZz D FFIHEL, 1,000R D T2 EREELZH 0% Fig. 3-221C
Y. EHED PID i br—Z T 17 BPLIRE, RESFIRL TWDDICKIL, IREFIET
I, LELRIET DL AT AOEEBHEL TODDRIDD

Variation of system parameters | — — — Mass: M
i I I I P L | Damp.: C
10 - ~< | --- stiff.: K

Normalized variation

Reference
Controlled output

TR
ARV mER

0 5 10 15 20 25 30 35 40 45 50
Adaptive PID responce (Improved SPSA1)

Controlled output

Controlled output
o

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 3-22. Convergence characteristic for statiprsgstem: The upper plot shows the fixed
PID controller, and from the 2nd to 4th row ploteow the process of convergence of the
adaptive PID controller, 10 times, 100 times afidQ times trial respectively.
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Fig. 3-220i R, R ORI E EHITHE~ > T BLOEAN T L TR RLTZO A Fig.
3-23 ThHH. ZZTIX, BEDEWEZIFINATANTRRLTND. £o, ZOH5MHEEAN
7TLTERRLTND., VAT LDO/RTA—LNKELEBLTH, @R TIORL TWAHZ
LR TED.
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Fig. 3-23.
indicates that the probability of occurring is high

Probability density map of adaptive PtDntroller responses: Bright color

3.7 MIMO Z~M:E M

ZZET, 1 HHERIZ 120 PID a2 b —J% 4 EAA RIS C, IR TIEOMWEE
MU CE T, AT, Fig. 3-10 FHEA RS MIMO JRIZxIL, 3.3.25 Cik <7z Fig. 3-7
? Quadruple=> hr—Z AT, $REEFETHICHIEREML, O RERE
(R B A RS 5. BT 28T A2, SIS RD m, |, ¢y Ky My .
Koy My, Copy Kyyy Mgy Copy kipy C, BET12MHTHY, ZNEND/RTA—HIRTUH L
IZ, KIEB0WEEMNTIZLEB T 5. Fig 3-24 12, AS1f, f0bHe,, o, OEWES
BEDZEERT. ERORIE 1 FHDAT f hoDIGEERL, ZHUTKL, ARIOKIE
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2 FRAMWBDANT] f, PODISEERT . Fe, EBEOMIT, 1 FH O 0, DIGEZRL,
ZIUSH L FEOKIE 2 & B O] 2, DISEEZRT. 2D, R OfEEEEHIZT A
T LD BB NRESEB L TODIED DD,

ZOIEEFIR/NTA—=2%FFD MIMO RIZKIL, EED PID arbr—J&, $##E2FIET
HHA L TAL G PIDA M — T H AR ZA T, B EZ ol —ar LR
% Fig. 3-2512~7. [EE PID 2 ha—ZCl, il H /)23 B AZED 5 K& RE I T
TLHOIKIL, EEFIETIE, BRARISEEZRL TN,

uz2-=yl

Magunitude
M agunitude
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150 \NH R 150 L o5
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1o° o 10" g e
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Fig. 3-24. Frequency response variations of timgsng system: The left side plots show the
responses for the first inpuff and the right side plots show the responses ®rstétond
input f, in Fig. 3-1. And the upper plots indicate the oemes to the first output,, , while
the lower plots indicate the responses to the secorput z,, in Fig. 3-1. And the upper
right and the lower left plots correspond to theriference term. Large variations of frequency

are shown because the system parameters are veaghgmly.
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- —-—-=Fixed PID ' ' ' ' T
> 2 : 1i 5 -
— — — — SPSA Adaptive PID 1, il
2 . bi i
z . oL
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©
Q
[e
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o
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Controlled output Y,
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Time (s)

Fig. 3-25. Response for the MIMO system: The umpets are the outputs;, and lower
plot are outputsz,, in Fig. 3-1. Here, the black solid line is referenthe blue dashed-dotted
line is the response of the fixed PID and the rashdd line is the response of the proposed
SPSA adaptive PID. The fixed PID controller (bluee) can not follow-up to the system
variation especially around 140s and 190s (wheseén the large variation as shown in Fig.
3-24), however the proposed method (red line) sHollswv-up performance.

PLEXD, $RBRFIEITIEEF 23T A—2%F5 MIMO S2ICKHL T, A2 T4 )G Al HE
TR EHERS V-, IRE T, EROIEEH MIMO ZROMEELT, T—EBror o
DTV HIERRICE AL, R TEOFEHMEEREET 5.
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3.8 #&

Simultaneous Perturbation Stochastic Approximd@®&®SA % i\ 7=, FEEF T AT Al
B 2ET A T7)—EIS PID HIEIORRIEZIER L. SPSAZ RO FIELIZ A
TS, F ORIz DI RO KL FH OB %, Finite Difference Stochastic
Application(FDSA) LELEE LD, 32— a 2L LT, HlfH AT A2k
VW, SPSAIE FDSA JDEHRAARMES, m— A/ 2=~ ATV IED D5
ZEEMERRLC. BETFIAL, VAT LD/NRTA=ZEITIY, T AT DR LEEBIZA
STHLEELTEDIZE DEABIERFMEDN DD Ea R LTz, ETe, R Z #1258
RIHZETEY, T RTL/AK, BEOBIR/AZXRHLEREUETY, RNEEIT0HZE72<
EIEL, @V RAZRRDY, FATHS. SBIT, FEERNZR SPSAND, FEEH AT LD
INTA=BIRENTBIES DRE I3 A EEE DB BIELREL, P2 —anildy, B
TOBIERHEZ FBL DT Lo R LT, METFIEL, THOHL 2 NJ) 2 HioZ A%
TIRICHEAL, SISHEHH AN Eafen LTz,

- 49 -



FA4E T—EILIO DO PREEHIE

TA—BNLT DU, B0 EWEWERTE L TSIV WD, ITHFEOREE %
KL T, ARHEH ~DERDSBELL 725 TWD . ARIRE IEHE A TN T 570, K0S
PRRBERIEINE RSN TRY, BT AR—ARHON R EL S ADLND. L LT+«

—BPLTVNT,

BRGE T e ADEME CHOBRE T /LA H A3 [ B
TV DERZERRE .

AR L DR B RE V.

BRESZACIC R DR IR BN R E .

7ol HIERER G A INEE T A RIEN . RETIE, ZOMBEIZHIGNT X, H3E T
RUTz, BT NIV A I @mIGHEZ#E AL, 203 RGEL 70282 STHR
[CA-1]i Tk 5.

4.1 S

VAEDBRE RN ELL T, BIRORNT —E L DU sk BENSEE0IT, HE
AN T D ER DS % LS L TD. R E LIRPEH A W2 S 5720120,
BEIRBEE %, =7 N ALIHI N DR D AL (ZHIH D2 LA EEITRY),
a7 AR EMES, =7 /S AHIEE, AT D2EKUTHERT AZ B TIRE D&
%% 9% exhaust gas recirculatiofEGR) &, % —RTF ¥ — v D&% 4% variable
nozzle turbo (VNT) TEHEID. LoL EGRE VNT ORIZIZFRWTHRHY, SHIZT A
T ATTROIERIE A FFD, I OiEIRIRREIC L > T DU RHE N L T IEE AT A
72728, HEHRE G NEETHY, ITFITER % 22 T ED ARSI TN D.

FFNAR—RBHELL UL, A ATV a—L ILQ &AW HEC A0y 7~ )7/
$e ORI RIS S e PASE S TRY, V— L _R—2DHKFHELL T, ==
—INFy b — 2% ORI RS S TS, LLET VS — ARG T, 1
FRAEIRF L2 DT LR N R EE T O R, 77, =2—F LRy T —2 T,
FRICRRRHEET 570 8 OBED 5.

TA4—BNT D DI, BHERIERIE L AT MK L TET AR — A5G i

-50 -



HAEELTC, BT NVEEHTLZEBRREETHHIEND TR, RITET A RO
LCh, MHTHICIERIE IR A5G 22 enitisd TREEChHAZEL R HND. Zivk
RS DT=01Z, BUAFHRIC IV B B b 2179 MPC 23 H SV THY, BAFRER,
WS TNBHHEE Ll MPC OFHRARHIT S, FHCTMIXH (prediction horizoh
MELRD TRBHED M Z DL, SHRAMDNEIMICREL D, ERFFFHENREEIC 2. 2
DORIFEICKTL, MPC % il ISR ikl LT, CIGMRESIE S B KiZ kv sini-
73, FEERD ECUIZEH T HETITITE TR0,

FMEZE 2 5L, PIDHIEITECU~DFELENK ST, AINCE DRI HliEEED Y
T—arb %L, Lba"AMELEWIEND, BETHEERICEIT D RO MHE:
Th5h. LNLEDANTA—ZPRI TR R WELE L, 2 R HIZ BT 528 ETH
%, BHCm T A O I TR RIZEB W T, Fi/e T A—H B RFET DO
O TWNEEL2D. =7 /32RO PID HNZRE 9 55e4TAF%EL L T, van Nieuwstandtid,
B2 OREYEZ R PIDHIHRICKIL, a2 Ma—F% 7 A A LA B a—H2 0 [ B 5
57y Rarvha— 7 ah A T B A AV CORT A= 22 MFHEL, BRI R
FAWAEL T Wahlstromb i, PID 2 b —F D& 8T A—ZTH L, R T
PEBEEARRELTODC UL, BipiZos D0 N F L TOF a—=0 Va B
ELTWA.

RIA=LFRIBAL TR, 22l —ar 0Tty Rarhn— L7 a2 A 7%
7= SRR E O CRaE G IC R DIRBE DM THOILTNDD, ZHHIEZ< O IR LR Z
B 57280, R DOH 26T, REEIR TOFRBENNEETHD. Fril AR
Wi kY, TEBRE R THD. 207D, HREM EISMA T, @EERD & 7
INTA=LZ o F 2= T DAAN NGRS D7D PEZE R O BH B2 L 2> TS,

ZITI, B 3ETIRELL, SPSAE W ET V7Y —72i)E PID fili#E T +—E L
TV DT SAGIENCEAL, =V R TFUIZEDET ARNT, TOFEMAMEEH D)
M2 T 5. R FET, WEREZRRGET 2T — R 7 AMIB W T, ERFIELV MR
DRNWZEDRRGEES LS.

4.2 EGR/VNT ill{g]
TA—BNT DT SRR E Fig. 4-1RT . LU ZIZIRYAENDEER D
BN TEDL, MRBER LD > TIRBEIREEDS 1L, NOX JAEDIRRIT2%. —77,
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PRBEHE DR X DERIRER 73 H3EL, diesel particulate mattédPM) EFEIEND, Kt (4
) & ER S & DML AL AR AEDIRKIZ /2D EB 2 HIVTND. EDTDREEE %
WUNZTHIEMBELIRD . PRBEHR T, BERIREZIRETDREKDOHTZITRATD
285 & THD mass air flowMAF) &, T A~ =7~k—/LRNOH#axHE ) TH5 manifold
absolute pressut®IAP) ([Z K& BINDIZ0, ZNHAEEUNHIET LB HD. L
LT A4— BT DU, 20ME B, ARIZITARY ML SOV T8 N2, MAF A
PEICHIE 9 22 M TER. — 07, PERAACE ENDMHEIT, ERRFEL COIUEE
n&7py, WE, BRI CTREIRIBIC 2o Tnd. 22T, ZOHRO—HE RS
IZRTZEI2ED, MAF MET U CRRRIREE DS HK/RY, RBEREZ T 52N TED. &
DY EGRTHY, WA R T HER D &L, EGRSLVTZICIV SIS, —TF5, MAP I
BRI LIRS NS, =0 VR E ORISR CIIHERTENELS, ¥ — R OBE MK T
THDTBIEEN LRSI, 22T, F—E v EBERL ) ZVOIGRZRZEL, B A S
Z/NST BT LTIV PR E A LT Tl RE B, = RED &S, PR
DTG EE, V ANVERE, JEIEE T 2HEZ1TD. 22 VNT THS.

L2 Fig. 4-UR 35912, EGRE VNT Tli &R 2 A1 THDO T, A WIZHRV
TWRds. ZD1-%, EGRE VNT Do b —F IR R G B L 725

Intake air Compressor Intercooler

7 —>E] — J;/ MAP

A
EGR valve _m Diesel engine
0000

(= Pt
<1 —
@ Exhaust Turbine L

Fig. 4-1. Diesel engine air path control systemc&ise the emissions of NOx and DPM are
affected by the MAF and the MAP, both must be ailettl appropriately. EGR controls the
MAF amount by controlling the amount of exhaust gesrned to the intake side. VNT varies

the power of the turbocharger and controls the MAPcontrolling the exhaust flow rate.
However, the shared air path causes a strongenteide between EGR and VNT.
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EGR & UNT DA IERIENEL T AR T 5728, EGR E VNT ZHEf#NIZp -0 E
TSR HA D MAFIMAP DIE%% Fig. 4-2174. Z2TlE, EGREIFNE VNT %
—EBRE (10.4% (2% D, £7= VNT BHEHE EGR 2 —EBE (28.5% (£~ T\ 5. (a)
TIEVNT 22— TOBICHEID LS, MAF 721 Tlded MAP B ZEBIL TV, E77,
(b)) TILEGREZ —EIZR-TVDIZH DL T, MAP 7211 T7e< MAF AL T 5. Lo
H MAF, MAP i DJ5E 1S, EGREVNT ZHEANTH/EL TODICHLEIOL T, FERRIER
JEEE TR TCWAIEN DD, ZOINC T S AFIERIL, ORI EZ D, £/
FTBRNTHRHHZED TR TED.

=2 ‘ = 1 ; : :
2 ! ! ! 2 | | _J____
s NG R B S e Rl
< : ; 1 < 1 1 |
= 50 100 150 200 =2 50 0 5
©'200 : ‘ ‘ < : ‘ ‘
S l l l £ ‘ 1 :
PN 7 & |
| | ‘ g :
=10 50 100 150 200 0
S 100 : ‘ : < :
Sy N S,
& > ! l \ =
L I I I >
50 10 15C 20C
time [s] time [s]
(a) Responses for EGR (b) Response for VNT
(VNT: 10.4%) (EGR: 28.5%)

Fig. 4-2. MAF/MAP responses for EGR/VNT: (a) MARBBMAF's responses when the EGR
is operated quasi-statically while the VNT is fix¢d) MAP and MAF’s responses when the
VNT is operated quasi-statically while the EGRixedl. EGR and VNT have non-linearity and

a strong interference between them.

4.3 HEED

FEERDO RO TR DR EHEL MRS T 5. IR THLT 1+ —E L=
UV OB TRITEMET, OB R SRR A E 7o, Moy R
SEENRBEET VG N THOIXNEET, T N_—AGRFD A TERV. 20
72, ERZERENDD), HDOVNISE IO REEET VA Az, PID fl#Iick
HF 2—= T R— A FPEAZI TS, FlESRORERRE Fig. 4-312~7. Hilf#x 5
GBI DR, B EGRIVNT LHilfElED MAFIMAP [HIC TS ndoZeakl
TW5.
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- = MAF

e g
\< ’U,2 ,” ‘\\
T p - a
2 (N, > EGR

_____ : Interference

Fig. 4-3. Conventional control composition: Viethosving a frame format of diesel engine
air path control system. Although the EGR mainiytools the MAF and the VNT mainly
controls the MAP, there is a strong interferendgben the two.

arhe—70,, Cyi%, N(B-0) IR TIEMERNR PID Ay b —J83 5. Harte—70
INTA=LNZ, VUL N, SR B g 105725 2D vy TR Va—Yr s
n, TV RUF TEBBSERNBD, LLFOFIETT 2—=0 7S5,

® Stepl:  Fig. 4-ART U UV IEIRGEIRICKT LT, [l AMEE LT, EF
IRHE TR/ T A— L% Feidd k.

® Step2: ATYTAMTANCENTA—L T a—=2 7,

® Step 3.  HEHAE—RTANCNIRA—ZET 7 A Fa—=27.

® Step 4.  HBOHNT/TA—H%E 2D~y b, TV AR RENE B fh s 3T A
—HEFT BT ARV a— L PID il ZAERK.

PLEXY, K(@4-1)D 7 A Ay 2—)L PID #ili#l&455.

C(s) =K

1
1+ —+1T;s
T

(4-1)

7

K= f(Not)e T = b(Noan): T = h(Noap)

o by BIFEREN, N, &Qm 22075 2D vy 7 Thd. ZOHEICIHMEEZ LT
22T 5.
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TEDPEND. BTN T S TITRKERD.

RERI 2T 2— =2 7725720, T LbEEEIEE 2 T8 A THA.
BRI VU R BN R S T ER .

TV DA FER BRI TER 0.

A b2 R D728, FELEREETH D EHIRHIE T ERS LB L7125

¢ JEO5
400| @ Excitation point [T * *

Full load
350 1

300 o o ® .
250
200

150 [

Torque (Nm)

100

50

500 1000 1500 2000 2500 3000
Engine speed (rpm)

Fig. 4-4. Engine operation area: The blue diammaadks are operating points under JEO5
which is one of emission test mode, and the mademahows the full load limits. Then the
red marks are the test points where the parametdlge controllers are optimized when the
engine is actually operated under various condition

4.4 FTI)LIV—ERE PID Hil{H

EGR/VNT Hill##I521%, 3.7 8D 22— 2 Z XD MEETHW - MEL RS, T
5% 2 N1 2 BIIBEER Y AT L ThD. ZZ T RO BIE 7 V8§ 5 L7
<, HBIWTIRELR, T /VT7Y—iHEIS PID filffld B # L, £ 05 AMA e
T 5. KR OMEIL Fig. 45 &7e->THY, 3.3 HiCMHRFELT-, Dual 2 br—F&
Quadrupler> b —J DN RA R T 5.
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| _e EGR MAF
MAF,, (0, - ~ MAF
N ,,/
0 g
L(») b+ spsa ><
i €2 U ,/’J \\\
MAP,, - ﬂ)( VNT MAP EGR
G
_____ : Interference
(a) Dual Controller
EGR
MAF,, O MAF
+ s
AY
N
A Y
AY
\ 7
N /
L(+) = spsa -
Il \\
7 AY
/I
s
s
i & 4
MAPF,, ‘e, T > EGR

G

: Interference

(b) Quadruple Controller with cross term controller

Fig.4-5. Controller composition: (a) Same struetas a conventional controller where the
EGR and the VNT have separate controllers. (b) €mass-term controllers £ and G, are
employed to cancel the interference between the B@Rhe VNT. In the both structures, all

the parameters are updated simultaneously by SPSA.
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Dual = hr—7 B LN Quadruple= ha—FDF 2—=2 7 /3T 2—Z%, F(4-2), (4-3)
DI THY, ZNEN, 6, 12#HE/2>TWD.

= {0, 6,}'

0

T
0, =K T, le} (4-2)
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Fo, BREABEL TS, IO 2 HAEZ 2 2.

® RED 2 RN

Lygp = Ly + Ly
m(k+1)—lk—1
Li(s)= > we, (k=01-) (4-4)
i=(m—1)k
m(k+1)—lk—1

L2<'>: Z wzegv (k=0,1--)
i=(m—0)k

® UL 2 AN+ RAED HRKIE

LSSE/max = L1+ L2+ L
m(k+1)—lk—1
Ll(') - Z wyer, (k= 0,1,)
i=(m—1)k
m(k+1)—lk—1 (4_5)
L2(o> = Z w%egi, (k = 0717)
i=(m—0)k
mk+1)—lk—1 m(k+1)—lk—1

Lmax(.) = max Z |wu€1¢ ) Z |'w2¢62¢

i=(m-1)k i=(m—1)k

max

, (k = 0717...)

DR KA A 7= (4-5) T, —RANRSFRIRRR G725,
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4.5 EBR

451 TUOURUTF

TR T % Fig. 4-610R T ERICHWD T 1 —EB L= U, HEXE 2,999¢c
DA B ——F—H—R %A 2 T HHEH R D DOHC C, Table 4-UZZDfkRERT.
HlEIZE5R 1%, MATLAB/SIimulink + ETAS — INTECRIODZE R o ha—/L 7/ ahZ A
JBREEZNTIT). Fig. 4-7 [ZFEBRY AT AR OBEZ R~ = VU K& HIE %
ECUL, ETASV AT ATTI=2l —hSHLTW5. ETAS VAT 2005, EGR/IVNT fill D
Iy SARALTHMVERICED L, Simulink TlE-7zav b —T72 3394 %, 5%,
EGR/VNT =t hz— VLIS DI 1L, FERROBRE M LRI U {EEZ S8 0%, ECU NED
BEL = VU OBIEIT T =X IVEGR T 5. 7ok, REBRICK T2 e —T0) T
VT HANL, &27T16msThHD.

Table 4-1. Diesel engine specifications

Type Direct injection, DOHC, IC turbo
Displacement 2999cc
Compression ratio 17.5
Maximum power 110kw / 2800 rpm
Maximum torque 375Nm / 1600 rpm
Regulation Euro 5

- 58 -



(b) Engine close-up view

Fig. 4-6. Engine bench.
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SPSA adaptive PID
Simulink

MAF/MAP
Reference

Console and monitor

Real-time computer

Fig. 4-7. System overview of rapid control profwtyg for controller implementation:
Behavior of the ECU is emulated by an ETAS systernantrol the entire engine. Proposed
controller is modeled using Simulink and tested éytracting (bypassing) the part
corresponding to the EGR and the VNT control. Baraef the ECU and the engine are
observed with a monitor.

452 FHERMEDRE

K(4-4), @-BYHRBIEL (o) ZFH T 2720100, m KOT —SE2ETHOT, bo—
EDOXH TET—E 5 a2 i T 20BN HD. FH-N XN R0 D & EE ) 2 Rt &
72O TEFFFEEMR LY, M XM BB R 22 R & 72 5 O Tl JE Rt &
ORRELER D, EDT0, X GOX A FIVAOZEEORREITEY, Y7 EA 7% E
TOMENDD. ZZT, T—FuEZD 0T 7 A X%, 20~100F T, 20 ZLIZEZ 75
Elzarha—ZOHIS O 72 ERICKVERT 5. 22 Tldarbr—J0% Fig. 4-5(a)>
Dualzh—ZLL, ar ha—J O 7 A% Table 4-2Z7~9fEL97%.

- 60 -



BRI AATEL, Table 4-32R1 X912, =P mlingr 2,000rpm s\ C, 77
/L BH % accelerator position sensdAPS) T 50% 5 70%Z A7 v 7 IICEESE 5. =
DEET VL RUF T, BEEENZEDLRWIIICARBHIE DT, il =
VUANIAT RO AM NG Z DN LD, ZNEAT T AT AN T 5.

T —BEBER DT 7 ARENGA—R LG D, MAF & MAP (2T 5277
JSE % Fig. 4-81RT. EDONy 77 H A X T 5 A7 7 (1009 B2 E CINENRFELET
DI, N7 7 AN 407> 60 FREEDNSE DRI BAF CoHDHZ LD 303D,

2 M —F OSSR ER T DT, INTA—ZOFFNEFEE Fig. 4-91277. MAF &
MAP NAT 7 MRIZEALT DX AT T, NIA—EZRRESENL TODTENERTE
5. ZODDG, Ny 77 A X8 408 6012380V T, IS DIECONIATOILTNDIEN Sy
1%, 2377 AR 80 LA LTI, ISR N2 T DA ER TES.

ZZTIRBET AMCB W TTEHRLREIS P ERSN DL L, =T /N AR DRFELD
1sTRETHHILEBEL, FHHXHE 0.96sI2MH2 35307 794X 60 % RIRT 5.

Table 4-2. Initial parameters of the dual PID colfer

Initial proportional gain K1_o -0.5

C Initial integral time Tzl_o 0.2
Initial derivative time Ty o 0.02

Initial proportional gain Kz_o -0.5

C, Initial integral time TiZ_ 0 0.2
Initial derivative time Ty 0.02

Table 4-3. Middle load step test condition

Engine speed (rpm) 2,000
Initial value 50
APS(%)
Final value 70
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Reference
1.9 BS =20
= BF =40
g , BF = 60
n BF =80
g BF =100
0.8
240
220
< 200
<
EL( 180
=
160
140

Fig. 4-8. MAF/MAP step responses for the changiefuffer size: MAF and the MAP step
responses when the engine speed is set to 2,00@ndrthe accelerator’s opening degree is
changed from 50% to 70%. To evaluate the adapthagacteristics during the evaluation
period of the loss function, the buffer size isiedifrom 20 (BF = 20, period = 0.32s), 40 (BF
= 40, period = 0.64s), 60 (BF = 60, period = 0.986)(BF = 80, period = 1.28s), to 100 (BF =
100, period = 1.6s).
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Buffer size = 20

K1
Til
Td1
K2
Ti2
200 Td2

theta

0 50 100,

theta

0 50 100, 450 200

Buffer size = 6

theta

0 50 100,

Buffer size = Bd5o 200
15 T T
© 10 7
2
= 5t : g
== — I > _
0 50 10%uffer size = 10b50 200
15 T T
© 10 T
I
<
= 5t : 4
W"\k
o L= _—
0 50 100 150 200
Time (s)

Fig. 4-9. Processes of updating the parametersHange of the buffer size: Parameter
update process using SPSA when the initial valfidiseosix parameters of the dual controller
are normalized to 1. Buffer size from the top tttdom is 20, 40, 60, 80, and 100.
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453 RTyTARTAE

SPSA TIZELEZ AW T/RTA—=ZE AT L T T2, /T A—Z R il EIC IR 35

RS RD. 22T, ZOWORKHELZBIRIOAT 7T AT AN THER 975, T2,
3.381LY, FHIEME X Quadrupler b —Z1X Dual= b —7 X0 BAF7e ket a3
CLRHRENTOAOT, MEOEOLHERTHZLICT 5. 2v ha—SOHiRIL, Fig.
4-5@@), ()R T LBV THS. Dual 2> ha—FOFIHEIL Table 4-2 LFEIUAEZ AW,
Quadruple=> hr—F D ¥IHIfEIL Table 4-4ZFEEA WD, ZZTHEEL QW2
VWD, Quadruplezy hr—ZZB W CEa e —J O HHEIEL DualZ ha—Z LR T T
Y, %szi%rﬁ:rwu~5@%Wezmttm/f4y@mﬂ;ﬁfﬁK21 VLK, ol EA0ELT
WA THD. DEVHIBEBAAE %X Dual 2> b —FLRICEMHTHY, EBELRMRH
SPSAIZLY, THHa e —J &I S ETWD.

Table 4-4. Initial parameters of the quadruple BdDtroller

Initial proportional gain ano -0.5
Cy Initial integral time Ty o 0.2
Initial derivative time Ty o 0.02
Main controller

Initial proportional gain KQLO -0.5
Cyy Initial integral time Ty o 0.2
Initial derivative time Thoo o 0.02

Initial proportional gain Kmio 0
Cyy Initial integral time Ty 0.2
Initial derivative time Ty o 0.02

Cross-term controller

Initial proportional gain Kmio 0
C, Initial proportional gain Tmio 0.2
Initial derivative time Tho o 0.02

MR T D728, T NARDEAFITADEENINELL, arha—TF D 3T A—
B RESERTHLENDD, EIRFEIREE ST O AR5 T175. Table 4-512F 0
RS AR T
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Table 4-5. High load step test condition

Engine speed (rpm) 2,400
Initial value 50
APS(%)
Final value 70

Dual = b —Z7 B LN Quadruple hr—F% 3 [BRAITU 244 B4, Fig. 4-10& Fig.
4-11I2EN IR, EH5E B, MAF & MAP DIG%, MAF O MAP DISZE D431,
ZL T MAF & MAP D)7 —Ths.

MAF & MAP D& D #E oL, EBHbE R OREE ISR, TERL TV
ZENGDDHDY, Fig. 4-10 @ Dual 2 ha—F75% 40s [ ZEHLDITKEL, Fig. 4-11 O
Quadruplez> b —71% 30sIEE L, IHRDIENDITHN A, ED 3G/ NSNZED )5,
ZH &Y Quadruple= hr—F DN, WHRNBWIENHRTES. /2, =7—%
Quadruplez> ha—ZD BN D7pd, BRI TEE BT I-0ERDF A A r P a— L eah
B —ZL[EFEOMEREP O TNVDIEN R TED.
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Reference
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SPSA dual casel
SPSA dual case2
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Fig. 4-10. Convergence test results of the Dualt@bder. Around 40 seconds, the variance
in the MAF and MAP’s responses converge. The MAE IslA\P errors are equal to that of the

conventional controller after 90 seconds.
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= Reference
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E" SPSA quadruple casel
w 1 SPSA quadruple case2
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Fig. 4-11. Convergence test results of the Quadr@ontroller. Around 30 seconds, the
variance in the MAF and MAP'’s responses convergpe MAF and MAP errors are equal to
that of the conventional controller after 60 sesnd
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454 E—FTXAb+

R 2R 957, European transient cycléETC) ©—RT A &1719. ETCE—
R AN, urban rural, motorwayt¥72% 3 SDOIEERRILE, 45 6005 D1THHD T, &
B DRERE MLV &7y b5l Fig. 4-12128 3 X070 R HG B EiR s A B & L C
AR

400 - - - .

350

300

250

200

150

100 |

Torque (Nm)

B0 [ e

500 1000 1500 2000 2500 3000
Engine speed (rpm)
Fig. 4-12. ETC mode test operation condition: Bhee dots are operating points at every 0.2
seconds under ETC mode test, which shows the apesatover very wide conditions.
Consequently, dynamics of the engine combustioileyand air flow controller needs to adapt
toit.

Dual=t> h2—7, Quadrupler ha—7ZNENIZEITDH, MAF BL O MAP @ rms—
T — Oz, 436 TR LIAEREDR REAX LB 726 D% Table 4-6.27~9". Dual
ay b —F 2BV, R E R (4-4) CROINDRZD 2 FfLLi- pattern 1-bi3,
T AMBERTHIBERP AR LEZ/RY, T AN PWTL7ZOT, #ERITHE THZ2R0.

Pattern 1-aTi%, MAF T 20.1%D S ENSELILIZH DD, MAP Tl 18.6%65 kL, &
MINZIXAEIAE L S 2. 5. Pattern 2-aCl: MAF T 14.4%%#S, MAP T 14.9%51k L, &8
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HIZRIFREE CTHD. LasL, Pattern 2-I9> Quadruplers b —FC, 85 B%% 2 3 fn (X
(4-4)) LLUT=5:A80%, MAF 73 14 5% 43 L 7-DI2% L, MAP T 5.43%_ 7% b8, 4
NI A 157

Table 4-6. rms total error

rms total error

Pattern Controller type Loss function
per conventional (%)
sum of squared errorf MAF -20.1
1l-a
max error MAP +18.6
Dual controller
MAF
1-b sum of squared erro unstable
MAP
sum of squared errorf MAF -14.4
2-a
max error MAP +14.9
Quadruple controller
MAF -14.5
2-b sum of squared erro
MAP +5.43

LIFETCIZ, Dual =2 he—7 (Pattern 1-a* Quadruple controller(Pattern 2-plZ-2>u T,
FOFEMIC T35,

7it3k1% (Conventional controller, Dual =22 h2—Z% L C Quadruplez> hr—Z (23115
MAF D)5 % Fig. 4-13l2, MAP D&% Fig. 4-14ZF N d . ETCE—R 7T ARNT,
1,8008. 2B L SRVT AR, ZZ TR EE BR<$ 5720, 300sZ &2 HIL THFR
LCW%. MAF 58 % BbHE, SPSAIG= Mr—Z1E, Conventional KW 34t BU Vg
RAERL TS, L)L, Dual controller T, i CIRENIZ/2> TWDDNHER TE 5.
F72 MAP ST, Dual =2 he—Z (3 REIRYIZ 72> T D, Lol Quadrupler b —=
IX, MAF & MAP OWTNOIRELLEL, 730 BAFIGEZRL CNDLIENR 0%,
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Refrence
Conventional

Dual controller
Quadruple controller
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Fig. 4-13. MAF response for ETC mode test: Fordbmventional controller, the MAF does

not follow up at some regions. For the dual cofdrothe MAF response vibrates when the
urban mode (0~600s) finishes and the engine loackases. On the other hand, for the
quadruple controller, the MAF response is stablé sinows good follow-up performance

through the entire area.
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Fig. 4-14. MAP response for ETC mode test: For dbal controller, the MAP response
vibrates when the urban mode (0~600s) finishestl@dngine load increases. On the other
hand, for the quadruple controller, the MAP respoiss stable and shows good follow-up
performances through the entire area.
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JEBEMEZFE L ADTZD, rms =7 —%fEqE 3 %. ETC mode testh 1,800%0% DR RffIC
DT ANaDT, BERFHIZR rms =7 — 2B L THRR TS BB, 22T, K
(4-6). 277, Hann ZEEAE T 7 —# I A HNT 235, =7 — OB EN ) rms %
KD, ZZTIFEBEEROKM 2 227 —U 7L, 30 (18758 ALK LL TN\,

w(x) =0.5—-0.5cos2mz, if 0 <z <1 (4-6)

Fig. 4-152f¢3K14, Dual = he—F% L C Quadruple=> ha—7D#E R4 7R3 . Fig.
4-151% EA5, MAF O BEAAHEBENEYE) rms =7 —, MAP OB AT E BB Y rms =5
—, Dualz> he—J 0 ha—ZiEsiEiE, LT Quadrupler ha—J OGS FE A 7~
LTW5. MAF JSZ& Tk ETC moder ANEFEIIZE - T SPSAE G2 ha—F DT —
W 7e BAFaERZRL TS, MAPIZEW T, Dual= b —Z13) 600sPAR, i)
PNBRETET, =7 =02 52, Quadruplets b —T T, 2 L CHERIEL [R5/
RERLTWDIENGDD.

Dual > h2—7& Quadruple> b —7 0, ZNENDAL "a—T /3T A—X D Hik
5L, Quadruplers he—Z13 600sLAREH IECITEIG L, IBIEL TWDIEN DD,
? 600sEV V)DL, AEFTE—RD urbanh b rural |IZEIV D LRA N C, HEEN B3y, —
VUVRRIEZ, FIERREEDLEIATHS.

YL EDOFERED, SPSAZ W T E M Z OIS Quadruple= M —Z1, JEi
P RS, ETCE—RTAMIEBWT, MERIEIVEN OB ER 2 R 22 MR LTz,
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theta of dual cont. MAP rms error MAF rms error

theta of quad cont.

Fig. 4-15.

Conventional

03 T T T T T
Dual conttoller
Quadruple controller
0.2
0.1 N
0 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800
25 T T T T T T T T
20 A
15 A
10 A
5 WA P i
0 1 1 L \ 1
0 200 400 600 800 1000 1200 1400 1600 1800
T T T T T T T T
40 -
20+ M‘\MM M‘ gy, M’\!W
! I
0 L o 1 Il
0 200 400 600 800 1000 1200 1400 1600 1800
T T T T T T T T
600

800 1000 1600

Time (s)

1200 1400 1800

Moving average RMS errors of MAF/MARJaedaptive processes: Conventional

controller has more MAF errors after 600 secondenwiie urban mode is completed, while

the dual controller has an increased number of M¥@rs. Quadruple controller shows

superior properties, where the MAF and MAP erraesveell controlled throughout the entire

area.
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4.6 &

TA— BN DU ORI D ERITAE © BEL<RY, KRR BERAE S L0 —)E,
SROLITND. BRBEIRTEIL, B2 KBA R THD MAF &, WA~ =AR—/LRNDET]
Td%D MAP ([ZEoThEASNDTZD, Zba iR &Il 2 0 ERHY, ZhaeTT
IRAHIHERES. MAF & MAP 1, W ARIZ R PEREEL T2 EGR VT ORI &S,
B —RF v = DEEEFIET 5 YNT XR— OB E THIESNS. L, T4—EL
TV, = VUREE, ARTEBIC, FEEITIRIAVVEI CIEIRS AL, ZORELRE
SEDLDHIFEHE VAT LTHD. £2, EGR/NLVTE UNT R—b, MOIERIEE D, H»
DENENOBRIEED, HIHETHD MAF, MAP ([ZHNIHRWT AR D20, 7V
N—= AR RERNEZHE X G THD. kD= ta—F13, PID arbn—J2 KL
L, il STA=ZTHLHGN T A, TR, MR Z, £ IERRR RS LI
L, 2T Va—Vo LT, 207, BRRTEDENDIIDNN TR, =P Ok
IR ZE RIS CEIRWRE DA f 2 TV,

AWFFETIE, ZOTT /SAHINIKIL, 8 3 TIRELI, SPSAICLLA T4 THIE
WYAT DBIET D, BINET A T7)—HIiREEAL, £OAMEEERMEZHELE.
arhe—ZIPIDEL, Kl T A—Z (L7 A, FE IR, MR A, SPSAE H
WTH U IAL THRIGSES. Z0 PID v b —5% 2 SEHE LR (Fa—=0 785 %
—42%5:6) & Dual= b —Z L, FHIEMEMIC 2 DIBMLT:, FF 450 PID = to
—IMBIR DR (F 2—=2 7 "TA—2%1:12) % Quadruplem har—ZLLC, =P
RUF T, AT TAMT AN ETC B—RTANAToo. A7 v 7 Al 7 ANIIE 7 iE s
EBIZHY L, ETCE—R 7 ANTEEEIRIKIEIZ, TN E Y 75,

25 FRRFT AMIETIE, Dual =i hr—F, Quadruplezti har—F 4410, fitka
Yhe—ZLEEOVEREIZHEIS T HZ MR TET. Fo, IR MEIZEIL TiE, Quadruple
I hE—F NN G R LT

ETC =—R7ANTIE, Dual 2 he—Z3&EH TSN RN L ENTIRDEZ N HST2N3,
Quadruple Fa—F CIXEEIZEMEL, TOMRED, fEkar te—FLigL, =7 —2
MAP T+5.43%3FL, LB bL-b DD, MAF T-14.5 &, KiFlzdESh, RAmicix
WS NI I CE DR AT

SPSA DEHRIAANT, NRIA—ZOHUIFEAEBESNIRND T, Fa—=U T/ 54
—X2 D%\ Quadruplez> he—7 T, ERAMEIZIXREN N EE X 5.
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EL5E TA—EILIVCUNDEIG NOxY I Y

EGR/VNT filffllE NOx ZAKI 3 DRBeRiEA FBLT 2720, NOx FAEITEE 52 5
MAF & MAP % IEfEICHIH 52L& HINEL CTd. LinL, AR CIEEDIEEE O @Ol
% FEBLT 5720, WA O I EERC NOK I FE &l HI R L+ DI A TR S AL CupI S e,
HIHETHD 0,0 NOx ZFHAIT D HTIE, 74— RS Z IR AT ge7R s s 2k
DEDPIRND, BUHIZRE L THNERET L&A L, B2 2 D Ox BE R NOy iR EE 2 L
5, V7N EMEEN DA E VTS, 7 e TR T VO TS EE AN
PRI R EGEEET 720, BT VORI LR EELR L. BN )%
W, BT LOMIEEITHZEL AIRETH DA, EFIRIEZ X TOMIE TH DA, 7%
R Z R E TERWZOFE TERUWREIREN L. AT, SPSAIZESEIRY 7
Me o OMERGEZ, STRR[CE-41% IR~ 5.

51 #&

LD PNIAFERA L L ~ B3 &<, COp R EBMERWT 4 —E TP, B
DHEHLTRAFHEL THE KL TEHY, HERERR LI O—E A>T\ 5. JEMEE K
ThHDETA4—BNVTUVATERIE D@L, ZEURRFIHRDNKRENTD, BEhRNENEED
ITWDD, —JFIZRBWTRRBEEN DS @i LD D Al ABE TH DT, NOx 354 L S
WEFTZAL TV,

NOx PEH EA RS T2 R EL T, PERD—#E2 WIS HAERSES EGR VAT AN
— RIS TS, ZiUE COy HO 72 LEAD K EWWNHT AR 40 & I S T HE LR
BEAT ARE AR TS, 2 OWRF D OB SELTETNOK DK T2 KDL D THS.
FEBRSNDHE(EGR U A) Difi B ITHEAFL T NOx 23HIRL, 7Ot il 17 5L
DPM DIEAERCRKIZ DN HRNGH HT=8, EGRA A &EIX EGR V7 | T ffe L il
2T hiFeblev. EGR U ATt BAHIE4 5 FELL THERTIE, % 4 Tl
BAISILD MAF ZHlEE L, TORREL THD BRI EEFELRDIINTT 4 —R
Y7 HEZATO DR —MREITHL03, ifaE 282 ULFC MAF 8T NOy HEH &2
BABHIRE, BNAMEIZKIT D EARONBIZ0, IHETIIRE O, MECTIL NOy 2
(C52) [CS3l2 li B &3 AR ZES LTS, 2L HIEOHIEEEE8HIT 52412,
74— R IR FTREZR BIREEOL O, B EL CNEET VAR
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L, Bpx 22 D O JRFER° NOy IREZFH T2, VI e P2 VT8, E7 0D T
BREEE DS HIEE ISR EEET D720, BT VORE R EREEERD. FEEOE
T (N—=REHEHRT) O EH, TET VORIEEITIZEL RIRETHDHN, N—Rt&
Y DOISEMITELS, EEIREBAIEA TOMIETHL AR, RAER AR E TERUNZDH
FETERWR ERRED L.

Fig. 5-112, BEON—REBL BT eV DIRE R~ T, N—REo PO hH Eny
TS, Y7 e, EHRETRZEDD DL R TED.

800 T T T T T T T

Hard sensor
700+ Soft sensor
600 .

a

o

o
T

NO, (ppm)
N
o
o

Slow response
ffset

. A i\ B

680 700 720 740 760 780 800 820 840 860
Time (s)

Fig. 5-1. Comparion of the response of hard sessdrsoft sensor.

AREETIE, FRI RHDBELIY 7 M —R L L, SPSA%Z VT
BIRGHIET 5, W 7 Mo OMERIEEZ IR NS, IRETFIET, oo P XU FFEERID
BONT-ETF —Z2 AT, ZOHMEDFRIESNS.

52 ZALIk NOx Hillfi

NOx 2 FE I TIRIE 2 3292 R ChH OB IR E RSN, 4=
TlE, MERBRELZRE T DRAT DHHRAZELZED MAF &, A~ =FR—/LRNET]
D MAP Z I EIC L. LsL, Fig. 5-2Z5R- 38918, 74— B P ZBIT 55k kE
EORIRITEHETHY, MAF & MAP (21D, FEEAIIZ NOk & il & 2 DI T A e E 2 R
M. MAP X, BOREND T VU N E LV R 020D C, MIEICHIHS T
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WHIRBETHIIE, EGRTZEMR L (air-to-fuel rate 25 L SEHZLITLD, FeFEi R 24
TED. BRI L NOZIXBHE R BRI DD LILFEBRICH /35> CHDHD T, NOx &
T LI HZENTENIE, EGRICEVIERE NOx Z il TE, JOr/ SARZRHiEIA AT g
0%, ZvE, AL NOx filffl LMz ed5.

Fig. 5-312, EBRIZIVEOIZ NOKIREL MAF BLOWEIRIEORRERT. MAF
THEBEL72(Q)Tl, milfair S IGEAAFRF T, NOx BELU'DPM#EZ, KESEFL TONDZE
YD, —F7, BRI CHRELZ (D) T, @EDEENIH DT, NOx BED
DPM ZIZE[FA 72 B ARL TWDIEN 505, ZhblD, BBRREIZLYr/ N AN,
B NOx & B CEHZ L0500 5.
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MAF
contro B NS
-1 control
— MNAP
control

), concentration

control Y

otrong

correlation

—  Conventional control ——  Durect NO-; control
Fig. 5-2 Qualitativeinput-output relations in a diesel engi

(7% CHR[C5-5], Fig. 1.1C X0 5| H)
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1200rpm, 120mm?/st 1200rpm, 120mm?3/st

&b o5
M
= < =
% 4 E 4 =
:? 3 =3
jo] jo]
22 .
= <
< A <1
= = = 2
> s e > -
[@)1]
%%)OD 120 140 160 180 =0.18 0.18 0.2 0.22
maf_ave [g/s] Intake O2 concentration [-]
(a) In order by MAI (b) In order by  concentratio

Fig. £-3. Mutual relation of N(x and MAF or (; concentratio: In case of order by MAF
NOy varies by MAP, however in case of order b, concentration, Nix does not vary whe
the MAP change

5.3 &HE

Fig. 5-4 IC7 (— BN DU ORI TREZRT. KH, HORBKITW R T, RO
BRIIIPER R AT . DPM X diesel particulate filte(DPP (2L~ THitESH, HH—ED
BENEHSND, HC Injector JOBABHEMES L TABESH 5. NOx 1E(5-1)D LT i
XUTRF LI, Urea Injectoi Vs JRSE/K (NH,),CO ) DKy iRz FIFIL T7
»E=7 (NH,) & {3 (CO, ) ZERL, %3k (N,) &K (H,0) ISE T LUIEE(LS
na.

(NH,),CO+H,0 — 2NH, + CO,

(5-1)
NO+NO,+2NH,, — 2N, +3H,0

T ERETIIEEEOAEYE THY, STEREIZIRIR T 20X E 2570, & D
JRF#EKEZ NOx DEIZE DO THESF T 20N HD. L LBFT 5/ —RU =7 D NOx &
VY OIGETES (RFES 1sPLE), EHERIETIZR VD, TR 7 AN EEE OB HIER
WRETIE, £ DINEMEPMES EREZR EDR H TERW. 20720, bSO R ERAY A
JHRE T, BHRICZEY NOy A HEET 5, Y7 e IO A D OB,
LnL, OB LT OMEICIE, WEREICBWNTILHAADIE, EFIR
BBIZBWThRd, RENEL TV,
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UUEDOREZMRR S DIz, Y7 e Y aRl§ 545 K%, SPSA THEEED & HHE
[CIBRETBIDNCHIGSED, WG NOx Y 7 her P EARRL, T Vv _F TELNET
— 43V, TOMREMER T .

¥, KRETIXET SAAD NOx to %, NOx ~N—RE 4, FHEICIDHEE S,
NOy V7 Mg P EMESZEICT 5.

EGR valve
EGR cocler

[ Intake Throttle
! MAP Sensor
Cylinder Inter Cooler
HC Injector I\:1Alj Senfor

: Intake air
Air Cleaner

Urea Injector

Temp.

Exhaustgas

delta Press.

DOC (diesel oxidation cataly) : 7 ¢— B /L& b filk it
DPF(diesel particulate filt)) : 7 ¢ —E Lok 1t~ 4 /L%
SCF(selective catalytic reducti) : 33U ST filfi
CUC(clean up cataly) : 7> F&=7 AU 7 L fil it

Fig.5-4. Aftertreatment system @adiesel engin
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5.4 SPSA LY Iht Y

5.4.1 NOxVIrt Y DIER

VIR ORERIEL LT, T — 2R — RS just-in-TimeE 7 /L4 Fi iz 7 1056
BN = 2 =T N Ry N =S FEE IR E PR REN TS, L LZIUBIE, NOX
FEDTT MIFESNTEDLT, NOx [T EEZ 5.2 DR T BRI CHD. KO
RHINOT DL, ENENDR TN TF 2—=0 7 TEHIENEELV. Fo, FZECU

AT Z LA B R DL, SIEREE TRRE T 2R ET VLV THOINERDS. 22T, K
W28 CIE Fig. 5-51 &2 £, RS T e 2T AV EZ WL ST
%. Fig. 5-5 TIL, FROMHR (--) I XIEIRIFICL DT A—2%, FOFERR(—) 1T/ 7
YT NOEREENEIRL TN,

Engine speed ========= 1

Fuel injection quantity ====- "
]

O, concentration: ¥, ;, ——

Injection timing: A5y  ——p]

Rail pressure: P_; ——p] NOy concentration model |——— Calculated NOy concentration

Temperature of cooling water: T, ——»
Temperature of intake manifold: T, =~ ——p

""" ¥ Parameters
—» Variables

Fig. 5-5. Scheme of the NGoft sensor.

NOx V7t HiE, = v [mllEkk (Engine speed-#kHE 55 (Fuel injection quantity
IZE-> TEARAMIZEKE SN, TOfE%E EGR BEELIZEDZVIUZ O, BE (O,
concentration, #AEID A1 MEHREH (Injection timing , ABIOMES L2 5aE 1 —)L
J£ 7 (Rail pressurg, #HI7KIEE (Temperature of cooling waters K O &S 0 AR JE
(Temperature of intake manifold#fiES41%5. NOx V7 e DO EERET L%, H(5-2)
a7

UNOz,soft = Unoner * Co2 " Csor * Crp ™ Creoot * Crinm (5-2)

P o, VIR TRTRLIZ NOIREEZR Y. AL LR T- D Yy, o0 15, FIEERH
BRZRWTC, A U TSIV SEBR D NO R FE CHRAMEM L 72D . 4735 2 K1)
555 6 KT Cu 13, FHEED D NOx IR KT IR D DT B ORI IER T T, AT
L,
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o 02: EGRBAEZ(ICL DIV O, i EZL
® 30I: AL PRBIE S R 25 b

® RP: gL — VR

® Tcool:  HAEKIREEZAL

°

Tinm: W AT AVREZE AL,

RKLTRY, ThTh,

Qo2
c,, = [MJ 5.3)
wOZ,cyl,ref
CSO] — 6%'01'(9501 _63()1.7~ef) (5_ 4)
CRP = {aRP ) (pmil - pmz’l.,ref) + 1} (5'5)
OTcool = {aTcool ’ (T;ool - Tr':ool,ref) + 1} (5'6)
T. (YTW'HL
CTmm = [%] (5_7)
inm,ref

LIRo TG, 2T, INF ref BTN TODAERNT, FFERK (1 RE, 15C) BREERMFTIC
BWTEET DU TR, BIREED /T /UEZ RLTWD. £ 4% Table 5-1
(TR TR B RO A o 1, SEERIRBLIC Ko TREETIT 5728, Fig,
5-61TRT k57, =V MHRE N, LEREE S & O Z/STA—HEFTH2D VYT EIe T
W%, Fig. 5-6128W\ T, (@), BEET DU 2R HE R KERSE N CIlEdRL 72 RFD, NOx D /3
FIE, (b)~(e)%, ZDRED T DU FIRERD /I E, ()~)iT=r v _uF L
T, FIRERICE BN Z 52 TELNE-SMERTFOE A B~y 7 Thd. EIEEIEICL-
T, TNENRESEFL, IR, IEEFEDTRON AT A THLIEPHER TED.

FAHER T C, 1d. TNEN /I MEDS OB B (L FE2 1T E) S A o IS K04
EARSE RO TRY, /I NMENSOEBNTNE S, FMIER T C X 1OfEE2Y,
EDM@72<725.
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Table 5-1. Variables of NOsoft sensor

Correction factor

Nominal value

Measured value

Calibration value

002 ¢02,cyl,ref 77Z]OQ,cyl L))
Csor O501.ref Osor Ysor
Crp Prait,ref Prgit Opp
CTcool cool,ref Tcool aTcool
CTmm inm,ref inm Xpinm
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1500

Nominal value

1000

123
1=}
15}

o

N
1=}
15}

q_fnl

NOXx ref.

0 o

4000

(&) Nominal map of NQ

02 concentration ref.

Nominal value

q_fnl Ne

(b) Nominal map ofC,,

Rail pressure ref.

Nominal value

afnl 0 o Ne

(d) Nominal map ofCp,,

0Z congcentration cal.

S SRR
RS>
RS>

SRS

q_fnl 0 0 Ne

(f) Calibration map ofC,,,

Rail pressure cal.

0.03

0.02

QRP

0.01

0
200

100

afnl 0 o Ne

(h) Calibration map ofC,: oy,

4000

4000

4000

Qo2

4000

(i) Calibration map of C,

inm " aTmm

Injection timming ref.

Nominal value

4000
100

q.fnl 0 o0 Ne

(c) Nominal map ofCy,,;

Intake manifold temp. ref.

Nominal value

4000

qfnl 0 o0 Ne

(e) Nominal map ofC

Injection timming cal.

Tinm

"';3??.’"
o IR
I
WA

«@sor

4000

afnl 0 o Ne

(9) Calibration map ofCy,, :

Intake manifold temp. cal.

QATinm

4000
100

qfnl 0 o0 Ne

Fig. 5-6. Variable maps of the N@oft sensor.
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5.4.2 SPSA @it DR

Fig. 5-6()~ () DHEAME~ > 7 a1, BEHET L DU ZARERKERBE R T2 W, &
WIREECTT 2—=0 7 EINT=bDTHD. (-7,

1) Fa—=U AW DU BIEE) T AT IMA A TES B OfER 2
2) BRI DU DRRELAL,
3) T —FRBRE O IER:

WRIL T, IBEREMEARIES TR LT, EFRIREBIZIBWTH NOy ~—RErHhen
RAENHRESN TS, EFIREETIL, NOx /~—RE2 T NOx #E#FHHIT 2281280,
DDOEIRZEL 2)DRRFEZEAIZITR S TES. LoL, 3)Di\IEERZIEL, NOx /~N—KEo 4
DIGENLEIE MR LB O T, AR TE S, EFIRELEIERIET,
V7 et EN—= R EYIIEZ THWAZRE D FTRDBELIVTNDD, I ERRFD
FEFE IR U T MBS, IRARRZRARIIZIZE > TR, Fig. 5-7ICEBRICH -, FEH
IZHBHIN TN DI F R ZAEED NOx ~N— Rt OftAkZ R~ 3. JHH No. 51ZH
LI, IREDRFERIE, 1.3~1.65sL <, M HAENDLZLIZIISED <2 DH%
FEEALD DD LN THER TES.

straight cable lengih: 606-£8mm (met-me2)

easuring plane 1 (e measuring plane 2 (me2)

Symbol Min. |[Max. |Dim. [Remarks
Nr |Name
1 |NOx concentration NOx 0 1500 |ppm |NO & NO2
1.0€h < o0
(without NH;)
2 |Linear Air/Fuel-ratio/ |\ lin 0 1250 |1000/A
Oq-signal 0. %
3 |Lambda binary A_rich(A<08) |750 mv
A lean(p=1.1) 200 [mV
4 |Lambda binary As 0.994 [1.010 |A
(Static-))
5 |Response time NOx | T33.—se6% Nox 1300 |ms fresh
1650 aged
6 |Response time &_lin / |T3«—ss6% A_lin/ 1000 |ms fresh
(o] 0. 1300 |aged
7 |R-to-L response TRL 500 |ms fresh
(Ts00->300 mv) 600 aged
L-to-R response TLR 500 ms fresh
(T'300->600 mv) 600 aged

Fig. 5-7. Specifications of the NGard sensor.
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NOx N—REr T, oI DOIREEENTHIUE, DOERES 2)DREZALIZR TG
TED., ZZT, ZOEE AW S, BIPICHIELEIS T2, @S NOx VY7 e aE 2
%. Fig. 5-8IZF DRk A~ .

N,
q ful I} L /
v
a*(Ne>qfni ) .f:VOx_ca]i(Ne!gﬁﬂ:C*)
Y NOx soft = W NOx ref j}\"O.\"Cm'i

Aspsa* 4/
Cs(Nooq - Ospsax )

b g » W NOx soft

Pl r
fcomp * ( e ) Gpi'edlcr(z)
/ Hk +1 = . L 2 +L
i N L (' ) il W;\"Ox.}:rard

Fig. 5-8. Composition of the NGsoft sensor using SPSA.

LU EA BT 5. NO Ml gy o 15, T PV BRI N, LRREHE S i g, 22037
A—=HELT, P OFIRBERLY, K(G-2)~G-7) - CEHHEEND. Z2C, MER+
C. 1%, NOx N—RE Y OEE LI L2 M0, Z ORI THEESILS. NOy fHEL T, &
BB Yo sopp TV, NOx N—=RE T DM Y0, g 15 V7 MRV ZBIESE LD AT
Ay, SO BAEESLTIEAVRV. LnL, Y7 HEEN—R B, #1473
JANRIRDT0, HEELEIT TRV, 22T, Y7 in—RierhoEns &t

YA REBB LB E OREEE T THT 5. ZABTHEC,, 40 (2) TH5.
Gpedies (2) DFXFHEIC SN TISRIE TR B,

TRZROH =Ry OFRIELIEL, KRB L () ZFHHL, SPSAIZLY
HHE O, ,, ZRDD. ZNIOVHIERK £, (SO IERF 0. AMEIESH, NOk 35

comp

2N —RE My parg [ CEIESED. 22T, MIEREL S, 1E, TP FHEELN,
CRREME ST B g, 2 2 258085, 2(5.8)D 2 kTt LR B CHHiBE%) Th%. AR5k 3
DONTA=L(a s, Gyx, b ) EFFS>TNDOT, Fa—= T TA—LIEFT 1518E

725, ZhE SPSAIZEY, ERfETEHIA L Fa—= T T8,
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Jeomp.o2 = 02N + 0, 005 + oo (5.89)
Jeomp.sor = tsorNe + 50195 + bsor (5.8b)

Seomp.rp = @ rpN, + 0o gpdp; + bpp (5.8¢)

fcomp,Tinm = al,TinmNe + %,Tinmqfnl + bTinm (58d)

FEBIEIC KV S~ > 7 HAE IE T DA% Fig. 5-9127R~ . AV F L O A E~
97 Qg NI o 00 ZENTBIEITID, HAl, o D RS LIRS
DIACITH L TEESH, FTRE R~ YT agpgy oo BPROBND. ZZTIECy, FFIZ
X9 OB THLA, LOMODKFHFEERIZ, RFHEESEST,

[0} ) concentration cal. Adaptation function: f comp

2
.%'

't‘\\ ”,
S :"
X

Qspsa02 =

{"/'t\“ AR

4001

q_fnl 0 o Ne

Fig. 5-9. Modifying method for calibration map.
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543 Tz

NOx /N—RE NI ER 72 2 AT A0V, Fig. 5-LIR T IS EENRHD
72, NOx V7 M B LIXRE BRI AR ZE D3 DV L T &2V, 22T, NOx Y7 ey
B3 NOx N—REBUHEEMe X AT IV A BB LI-HE6OMEE THT 5, THIE
G oot ERFT 5.
(TC OIS TR 23 E T 5728, NOx N—R B kDR RN AR IEZ R 5.
NOx N—RE P DHF A FI7 ATA(5-9)D—RIEILR TERINAD.

1
Ts+1

G(s)

T =13 ~1.65 (5-9)

— BV RIZESN AR R 2 R 2700 0 C, A M ORENAHEIUE, AJIEED
JARE BRI I A DD, B E % Fig. 5-7 DHEAREXY, #HidhEREZE LB O EL T
T = (1.341.65) /2 = 1.475 L9 5L, TORERIEREIT Fig. 5-102720, EHuck-
CRIENEDHZ LN TED.

-10 4

T

Magnitude (dB)
a1

-15 -

T

15 T T T T T T T T T

0.5 ]

T

Group delay (s)

O 1 1 1 1 1 T
0 01 02 03 04 05 06 07 08 09 1

Frequency (Hz)

Fig. 5-10. Group delay of NChard sensor.
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AMFFETIEE—FalERe & ORI EL 20 R EL THDT2), WHTC E—RRBRICH W
T, NOx/»—Rt4hl NOx V7 b B ORFEIRIEZ SR b 5. WHTC E—R&iE, 20164F
(EADTTE S CND E RS2 8 iR 0 — R 3B T 5. AHBIBIENC KR AEA sk
Wi-AERZ Table 5-UZR. ZHLEYIFHEIEZ 0.815s82 9 5.

Table 5-1. Delay of N©hard sensor to NOsoft sensor

Trial Delay (s)
Case 1 0.816
Case 2 0.814

Average 0.815

THEG i 13, FERIEIERE 253 0.815sLARF DI EZ B L C TR 57 4L 4 ThH
%. 2k Fig. 5-11Z75" T NOx N—R Y DORT Yy 7 IRE LY FIR 74 V2L L TR 5.
ZZTE, AOHEE b, BRI KT 5720, A MMEE 1/10127 3 A—RLTELTWA.

l T T 35,5, 05 5. 5.U5 U5 U5 U5 UD.X2 (B {P R0 QPSP 32 2P 85 378
0.9r W
0.8} Q

o 0.7F @
2
5 061 °
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& ¢
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Bl w

o 0815 4 6 8 10
Time (s)

Fig. 5-11. Step response of N@®ard sensor dynamics.

n ATy T, WWENTSCLRELIEL, TOEEy, LT 5. Fio, F#ELE 0.815sh
PR m ATy 7T ThHELT, ZDIEZE, y, LT 5L, TRlgER((5-10 FIR 742 ¥
NI ANATRETE, ZOJEABEICEIL Fig. 5-12L72%.
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-1 -1 —n—m—1
predict (Z) = b() + blz + sz +o bnfmflz e + bnfmz

(5-10)
b() = ym
bk = y’rn+k - ym—&—k—l’ k= 1’2""’<n - m)
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Phase (degree)

-20

1 1 1 1 1

.25 1 1 1 1
0 0.5 1 15 2 2.5 3 35 4 4.5 5

Frequecy (Hz)

Fig. 5-12. Frequency response of predictive filter

RS THIER DIGE % Fig. 5-131278 9. Fig. 5-13I28W\C, EELHT, B —& A
TV ACH AT T H AJILTZGE ORET, FEIZFRICANCH T2 T HERDIRE T
b5, NIV TRIEHI B F A FITRTHL, RKOIGEZRLTWNDLZENERTE
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Input | Sensor dynamics output
Output
1
A
s 0
Q.
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&
-1
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Input Predictive filter output
Output : T
1 -
g 07 l\.\‘u-—»
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w
&
-1
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Fig. 5-13. Comparison of the outputs of sensomladyins and predictive filter: The predictor
outputs after 0.815s response of the hardsens@ndgs. In other word, the response after
passing through the filter, it is possible to knov@.815s before.

5.5 EER

AREBRICH WDV OAE%E Table 5-22, =22 _F % Fig. 5-14127579". NOx
VI7he YD /3T U~ (Fig. 5.6(b)~(e)i, HEHE RGBS T (1 &E, 15C) 1
BWUEECZ DU THASIVCLO T, BHHITHL L0 m I L5722 B D BB L0,
BRIPAEEDEFTIRE, 2 VU NRIRDEMSNIZSE, ZRARIET 58912, F4HIE
K+ C. BEMET S, ZOREEEZHELT 5720, %5 /I /UESY I, LUFDRH 7%
Ba52%.

® EGRPHE : =75 (B8 # EGR: hal
©®  AAUPREIE B RE - IT U 2 FERIE (I5FR SOl 2CA ret)
® IFELL—ILE: 30MPals (I5F5 RP: -30MPa

BETEB N -T2 56, TNARIET 25 ER FO# &~~~ (Fig. 5.6(f)~() (345
L DATK L CGEASE TS, T UV OREEERRELLIZLY, MRy vy
REA COORNEFHT L2856, =V AREEETHDIIK 5 TldZew. £Z T Fig.
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5-15 (2R T IS, B~y I BN =T —% 5.2 52 L1280, [REEO R E
T 5.

Table 5-2. Engine specifications

Type Direct injection, DOHC, IC turbo
Displacement 5193 cc
Compression ratio 155
Maximum power 140 kW / 2600 rpm
Maximum torque 510 Nm /1600 rpm
Regulation Euro 6

Fig. 5-14. Engine bench.
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Correction maps for reference engine Correctionmaps with error

Emulate

Reference engine

Miss matching

Individual
difference

Miss matching

Anotherengine #2

Fig. 5-15. Reproduction of engine individual difface: Left side shows a state in which the
calibration map is applied to the others enginesth@ hand, right side shows a state in which
the emulated left side situation to add to therasrothe calibration map.

PLED IO BB E), HiRE, BELSLZHEL T, SPSAEL NOx V7 e 0f
AR TS, TANABIL, [H—@Afl~y 7 =7 —7 AN, [&EAfH~y 7 =7 —

T AN BIORIWHTC B—RT Ak &T5.

55.1 B—@&ETYTIS—TRK
TEIR SR BEEVIR I L ST, BRI EZREET D, 7 AMIX — 213 Fig.
5-17~19 FE& B 101z

® [ife— iV EIEEEL: 1,600rp H[E]Hx)
® &f—x U aldREL: 2,600rpn & Rl#E)
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LU, ZENEITURENE S &2 P BORICE LS 5. BRBHE S &2 -0 XL 73881, (A
HRHUTHINL LD T3, = D0 _RUF AR A — B R D IR ML 7 2L

TWHDT, MRINNARTRRIE S — 52812705,

SPSAIIAN, Fa—=U T RTGA—LADENRLNEERIREFRET LFETHLD, 2
T, AR HRR T D70, WA~y T D —DIZT— b oo E OIS
REZHERE T

TI—%GRDOWMEME~ Y TR, BRI oy , A REMERIES: g, , L—/VIE:
app BEOWAT AR : gy, THD. WEKIRE : a0 (SOWTE, PIREBRTIZE
W EFE R BRI N LSRRI NID T, ZZTIEBE LRV .

K- SEBRIE H L2 O3t AE % Table 31277 9. Fig. 5-171913% EEeASEEAS A, B
NOx, FEk7Y SPSAIZLLH G~ > 71T DE LRI OE B T 5. #HliD J71%
I, Fig. 5-16127: 95912, NOy V7 b D fEa NOy ~N—R B2 DAl 7 A7 AT
TANZY L, NOx N—RE O (— HS) LB TEL LT L TWVD. %Y
IZERDDIL, WERDY TR YT, A E~ Y 77— N (-~ SS: norme)
Th, RBIEF 3 2 2 i AR IR TIE, NOx N—RE P ETRBENH 5 L3005,
ZHUKIL T, SPSAiNR NOx Y7 ey (- SS: with adap) T, A~y 71T
—MHoTHHRERGEEL, B2k RE2R~T.

Fig. 5-17DHEERTETIE, HERDY 7 e 3T BEFRFERENELNTEY, OB,
TEOMAHE~y 7 I HE RS E DL, MAE~y 7 2 2T — (5 Dk
ThbH, 1/1.5 ~ 0.67 (FTIZH#EL TRY, Mo fE~y 7 NELWEIZE TS TQNAIE
PHEERESND.

oo e To NOy direct feedback

Soft sensor e . j
Ts+1 e i A

Hard sensor + -‘
dynamics O—b Compare

Hard sensor

Fig. 5-16. Evaluation mettd of soft sensor and hard ser
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Table 5-3. Experimental conditions and correspudésults for staircase load test

O,cali.. | SOlcali. | RPcali. | INM cali.
EGR. SOl RP SPSA | Fig. No.
®02 Ysor Qrp YPinm
Half Nomi. Nomi. Nomi. Nomi. Nomi. Nomi. None
Half Nomi. Nomi. x1.5 Nomi. Nomi. Nomi. None| 5-17
Half Nomi. Nomi. x1.5 Nomi. Nomi. Nomi. Active
Nomi. | 2CAret.| Nomi. Nomi. Nomi. Nomi. Nomi. None
Nomi. | 2CAret.| Nomi. Nomi. x1.5 Nomi. Nomi. None| 5-18
Nomi. | 2CAret.| Nomi. Nomi. x1.5 Nomi. Nomi. Active
Nomi. Nomi. | -30MPa| Nomi. Nomi. Nomi. Nomi. None
Nomi. Nomi. | -30MPa| Nomi. Nomi. x1.5 Nomi. None| 5-19
Nomi. Nomi. | -30MPa| Nomi. Nomi. x1.5 Nomi. Active

cali.: calibration
Nomi.: Nominal
CA: Crank Angle

ret.: retard
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Fig. 5-17. SPSA adaptation test with @@brationmap error.
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Fig. 5-18. SPSA adaptation test with S@librationmap error.
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Fig. 5-19. SPSA adaptation test with &dRbrationmap error.
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552 &EEETYIIS—FTAK

F 2 —= T G A= B DOINARIEL 720y SPSAD A WEET 57-%, Table 5-3127R
I, B COMAH~y T T —5 525, TANMIE — NI —~y 7 =5 —L[EkE
\Z, BB BT ARET 5.

Table 5-4. Experimental conditions and correspamdesults with all map error

O, cali. SOl cali. | RPcali. | INM cali.
EGR. SOl RP SPSA | Fig. No.
Qo9 Qsor Qpp Crinm
Half 2CAret.| -30MPa Nomi. Nomi. Nomi. Nomi. None
Half 2CArret.| -30MPa x1.5 x1.5. x1.5. x1.5. None 5-20
Half 2CAret.| -30MPa x1.5 x1.5. x1.5. x1.5. Active

cali.: calibration
Nomi.: Nominal
CA: Crank Angle

ret.: retard

Fig. 5-2071 B NO fEE LY, E3kD NOx V7 ko4 (-.- SS: normal Tl&, NOx /~N—F
T (— HY ERERRAENHHD, SPSAE)L NOx V74 (-++ SS: with adapt.T
1%, FRESESLTWAZEN DD, ZHILELYD SPSAIZEY, Fa—=2 7 \FA =2 %Rk
(ZiE I CEDTED ARSI
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Fig. 5-20. SPSA adaptation test withaallibrationmap error.
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5.5.3 WHTC E—F7T Xk

SPSAJE I NOx Y7 b YD A 6t T~ D@ 2 R+ 5720, WHTC £—F
RERAAT). WHTC B—R &, 20164EISE AN T ESIL TS, PEHTAERICKITHE
R 72 IEEE R DT — REBR THY, Fig. 5-21 (R T I, RIS EICIE D F2ER A
BT A7V Thb.

BRI, 5.4.26iL[FFET Table 5-5l277 7 &9I2, R TOMAE~y /T —% 5
25,

Table 5-5. WHTC mode test conditions and corredpgnresults with all map error

O, cali.. SOl cali. RP cali. | INM cali.
EGR. SOl RP SPSA | Fig. No.
0402 aS oI aRP aTmm
Half 2CAret.| -30MPa| Nomi. Nomi. Nomi. Nomi. None
5-22
Half 2CAret.| -30MPa x1.5 x1.5. x1.5. x1.5. None
5-23
Half 2CAret.| -30MPa x1.5 x1.5. x1.5. x1.5. Active

cali.: calibration
Nomi.: Nominal
CA: Crank Angle

ret.: retard

Fig. 5-221Z NOx fEDOfE R4/~ 7. WHTCE—RTANZ, 1,8008Z8 L 5RVWT AN
ZZTHRFRMEAR BT AT, 30087 LI EIL THERL TS,

PERDY 7 e YT, HEE~y 7T =R ENEE (-.- SS: normal Th, NOx fiE
L EE T 555 TIENOx ~N—RE Y (— HY LDRENKEL, BEHE~y 7T
T—& 55 (- SS: wlo adaplIEHIz KELeD. ZiUIxiL, SPSAM#E)S NOx V7 b
> (- SS: with adaptTiE, NOx EMLSEE 575 Th, —HaEBRE, NOx /N —
N BAFIZEISL TODZEDHER TES.

NOy/ N—RE DAL rms=7— TR d & Fig. 5-232725. ZZTid, 5F M ® hann
BB CEAZENTIT-BENTY ms =7 —TRRL TS, EIICRANKE Db
DO, FRANTITRAFITHEISL TR, FFZ 900sLAKE TIZZDRIRNZFLL .

SPSA ITELEZ W TWHD T, O AR IHEE R TRV, ZENEMHER T 570
5[ TLIZG A O R A Table 5-6127~9°. 22T, &7 —#0 b rmsT7—4&5HE LT
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W5, 2, SPSAGEIG NOy V7 bl Ok BIZENBIIZREE TLEL TRY, D
NFL IS HIEICEY, BIGHEL OB A LHEL, rmsTT— 3 44% T KIRL, A
~y AT EWIEF RO G LU Th, £ 62%272>THY, NOx ~—Rt
P LOBENRIFIZUEEL T2 LD R TED.

SPSAIXf I k7D T, Z D il fel IR e 5. 2229 2k NOx V7 h
Y DOLEMNERER T ST, 1,000BI0FRITE 2 —a THILL, ZORRERE
vy TREIL, NOx —R a2 ERRELI2b D%, Fig. 5-2410R7 7. ZREVIRETF
B, NEEITRDIE7L, ZELTNOx N—RE Y OEIZIRL T DI LM R TX
2.
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Torque (Nm)

Table 5-6. rms error under WHTC mode test
Normal w/o adaptation with adaptation
Case 1 40.1
Case 2 39.2
Case 3 40.5
66.6 94.3
Case 4 42.3
Case 5 39.7
Average 40.4

500

400

300

200

100

-100

1000 1500

2000

Engin speed lgl(rpm)

2500

3000

Fig. 5-21. WHTC mode test operation condition.
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WHTC mode test HS
1000 T | == SS: normal
€ — — — SS: w/o adapt.
S e SS: with adapt
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Fig. 5-22. NQ value under WHTC mode test: The hard sensor iE@epin black solid line.

The normal softsensor (red dashed-dotted lineplestain level of deviation from hardsensor.
In case of the adding error on the calibration njgmeen dashed line), the deviation is
increasing. However, in case of the adaptiveyd¢0ftsensor (blue dotted line), the estimated

value follows to hard sensor well.
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WHTC mode test
T
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Fig. 5-23. Moving rms error for WHTC mode. the lexdion period is 5s and Hann window
is applied: The black solid line shows normal safor, the red dashed line shows none
adaptation softsensor with error on the calibratieepp and the blue dotted line shows the
adaptive NQ softsensor. In case of the adaptive {\€ftsensor, although the deviation is so
primarily large, it is suppressed the error lovotighout.
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WHTC mode test
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Fig. 5-24. Overlay N§ hardsensor to 1,000 times Adaptive ;N&bft sensor results map:
The map shows the probability of events. The adaftiO; softsensor which is the proposed
method, even in the 1,000 trials, did not divergeneonce, and the evaluated values get
centered on around the hardsensor.
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AWFZEIL, FITET MG #E RO THIER Z3RGH T2 17 47—l O
EEERIZDW TR R TS, ZIUTEER O L ORI I, My ifXE I 2
BHET VEHETHENREECTHL T, EEEA72eHI R FHEDIREE HIEL T
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(a) Block diagram of the closed-loop control system
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(b) Details of the generalized plant of the cofgbbbject

Fig. 6-1. Block diagram of the SPSA model-based adaptivéralsystem.
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AL w, il S z, BUAE y,, AT u LU CTHIERZR ET 5. REETIZIEET 7 F =2
T —% (40x5mm THIEET 260 EL, W mE NIEM T I IAERSES. ZhIVE
B 7T 2T —Z I I TPEARO PNLEIT T 5F— A M EUTEM
L. INEAREFRIETET UEL, SR 1~6 IROE—RFTE—FHHEL, /3T
VBT IVET S, Fig. 6-3 ([ZHEIRETO T T /L EHGR% DT T BT BRI A 2R
ER

Control input : u

Disturbance : w

Completely fixe

Observed output : y»
Controlled output : z:

Fig. 6-2. Flat plate of the controlled object miedeby finite element method.

Fig. 6-30 /3 VET NV (=) & DL, IKHZ LBRIZE T LS QRO ERDE—R
FAEL TWD LN D%, ZZ T B Ul Te@mik OF—RERHRLRWED, H™ il
TRANRNEET 2. FEHLTzar b —T CHA— 7 RARERL, SMEL W BB Ry, T
DJERE RSB A KD DHE Fig. 6-4870%. IR S IIHIS IV CTHIBRZD R 3 B HZ L3
M TE5.
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BB DR EONE %, Fig. 6-5128 7. L IRIHRIT B ICIH S Tndt oo, 300HzEL
D ER DT —RTIL, HRERHILL CHNDBZENERIND.

T with Hoo acceleration control
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Fig. 6-5. Frequency response functions of theupeet controlled object with and without
control.
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6.3 SPSA IZ&B#EILEZILIFa—=29

6.2Hi Cakats = /3 var e —ZIZktL, 6.18i C/RUTAEHER) 7 SPSAIZ X DG
YNTF a—=U THIEOR K%, 232 —a THRR TS

HEBHE, (6-9)rT, R XIS 2B /) 2 efnéd 5.

L(-)=fl S (k) (6-9)

=(t—1)m+1

=GR m ST MPAOFEAS, [ 15327 7 JE0, & LA
(T IATHY, ZEOFHIKRE T, 13

2m
T =" (6-10)
J;
L5,

HERT B DR R B~ D I 2 iR 9572, BT —R (1~6 ) (Zk34 52 TD
EAIEEIEE 1s7 212 0.1%WE T XY, B T7F a—=0 7 O tErs Ial — a2 Thk
A, Table 6-UT 32l —a iBIT AL/ ST A—HERT.

Table 6-1. Simulation parameters

Number of design variables p 12
Number of evaluation points m 500
Simulation period T, 200s
Given perturbation to controlled object| 6f +0.1%l/s
Sampling frequency I, 10kHz

SELEL CHEHMESZ 54, RETFIRCIV a2y b — T2 RS E 7256 Of 1%, Fig.
6-5 (. HESRIT, 200s12121%, T,,,6f = 20 %bDRHEEEIZL TWDH3, BT
HIar k=358 0EL, BRI 7T a— =0 RSN O DI EDHERR TED.

JEMEATER T D720, Fa—=U BRI BT A BB OHEB % Fig. 6-6 1077
RETFETITHELBENII—ETHL), /IT/arte—J0841, 30s ik,
HRRBIBN B KR EL 22> TODONBIIEND. ZHEVIREFIED, SRR
EENTEISLT, WYL T F 2—=0 7 STV DIED R TETZ.
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6.4 #&&

ETNAR=ZfNC LD ha—T%, SPSAEZ AW THERSELTTF a—=775
HEERRE U, RETFELZ A RHEROHIRIEICE L, Sl RemiEsy, 20
WIGMEE L 2L — v a KRR LT-.

ar e —F3 HO HIICREL, /S ar o —S R RFES, R &2 E
FENEDLHIE RITEA L, ZOISEEHERL, TORE, /IFarbe—IT,
HARI G OB KIE TET, WP THRBL TLEIDITHL, IREFIER, BAFHTHEIG
THILEMER L. TREFET, WEFRNTCRBAINT AT ITHOWE T 2—=2
T3 HDT, ZLDOET NR—ARFHILH TEDLEEZABND.

72%5, SPSA TIFELEE W R b D72, DO FBMEZ MR T ~KEFTE
1Tolz. TORER, Z<DY6, BRAFCHEIST 573, FRZHHL TLEI T —Ab A b,
ZAIUCBEIL T, [3.5.4 BIERFIEDS R | TR HIETTF a—=0 7RI A—F R
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- 116 -



HIERRR R ORE L 1T E<, 1960 4E1Z Kalman 23932 L7z, il iic B CHERAICIR
AL LT G CA IR E LT, IR DL EAREL TWhD. 20/, H filf#Eze s, R
BT FRRUTE DL DORFHENWI R RSN, TEOAE 2 —F LY — L DI R
(2D, EHLCFHA PTREZR RIS > T0D. ZRBIEA B, TET A —Z (il 5%t &
FRENDZ LML, LInLRD, EEERTHSITERNSNTWLINEEIE, BTLHED
TlE7eu.

PESER DI AT LT,

~j

RIS BT T VOB BN CTHD.

2L DY, IR AT L2,
RICHEERE T VA CEIZE LT, HilHEE 2 EHRE H CE .
BPECOIEEIHE LR Oa be—I R EEND.

VST DD . ZOBERRR DT, AHIETIE, 7 AAF#REZ AR, DFEDIE
BT VENARER, BT ATV —ThOMh, HOWT BV T Fa—= 7§ 5 G HELY
ERL, TV VAT MTHEMLT, TOERMMEEREELT.

B 1 ETIE, ANZEOE RELT, Bl ARAHIHT2LE010, BT LA —AFKERE,
TT AT (DHDVNET —FEREI) 2L e 2 — L, AMFFEOALE ST 2 Bkl
7.

% 2 FIE, AW TH BRI 2 R TR ERE LT VAV AL THS, [RRHE
Fr Pl (Simultaneous Perturbation Stochastic Approximation: LA T SPSA E#597) J&2#RIL,
FRUER 22 e R BB LT VAV XL TH D, AR MRl (Finite Difference Stochastic
Approximation: LL N FDSA) & D HlRIZ L, ZORFEE 3L, fEsRIIINERT 528
ZRLTC.

% 3 EX, 1TUHIZ FDSA & SPSA ZHilfHIfEEIZIE H L7-356 O, fRORIRRE 1% ik
57280, 2 N7 2 BRSO PID il bz T, £ OREZ BN L.
SPSA DUNHFFHEIE FDSA L[RIFREE TRt BARAMEL, 222 BATRICHEIZO RAF 2%
PEAFFOZ LR LT, SPSA TlET 2—=U I N TA—Z O ThEHRaAMNTIZE
A EBRBIRND, 22D PID 2 M —I b7 5% (Dud = ha—F) &, T EAfiE
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M PID =i ha—5% 2 DBHILT, AEF 450 PID 2 ha—I73572 51 % (Quadruple
arhe—7) & bEg L, Quadruple =2 b —Z DOHIEHIPEREN B2 LA 7R LT,

WIZ SPSA ZELELL, AT A Tilifind 5 PID IR ESEE R U, IRETIEE, I
2O 1 HHERBMBICEBL, HIExIRN R EREI>ThH, SR AREL TR
ENRDIDNCar bt —I 3 Hs 352 %R0z, F2, SPSA OMINURIE, EH AT A
IZRILCREBISIL TS, FEEHE VAT DT L UIRGES TRV, 22T, EVTH
N Ral—vaAldY, BEFENSEEMICR T MAE LT, £, EBRIEGE
% EGRIVNT iliHA 2 ML C, $RETIEMFZED 2 A 2 HREY R ~b i F Al hE7s
ZEaRLIC.

4 X, RETENEMBICHE A TE0EMHRT 120, T—BLz Vv ok
BESIEIRIREE L C, EGRIVNT HHilfHl&IZ# A L7=. EGRIVNT #il#lix, 7 r—Erxzr v
D THZ NOx & DPM DL % 5.2 5, MAF N DB 2E RN B L,
MAP LREXNDWMA~ =AR—/LRNDEZHIET 260 Th L. AHIERIE, R
DIEF R 2 N 2 KR T, BHIEA ) LRI ERISROTFERH L2 L3 mbin
TG, =V _RUF TOERBFERLY, EFIRE TR FIEL AR DOMERRERL, i
JETERAITAH Y 375 ETC E—R7ANCTIL, TERFIEIVEN I MERRA R T 2L AR LTz,
FBMREEIC S 720 T, =PV DET N ERDHIERRL, I b —J% EEIZEL T
5. ZVRVREFIEDR, €7V T7V—7T, +ICFEHREThHHI AR LTz,

%5 BT, TA— BN T DU DBAIES AT MIHL, # NOx V7 MR R
To. BB, T 4— BNV DUARPEHA~D A H O H /e 5 BRICH IS T 5720, BRI
DHIIEHT, PREET AIZE £4DH NOx X° DPM ZIEAE LT 51 ChbH. NOx IFIRFEE
AWIALZS THRAE(LSND. ZOBE, TUB=TE2RETIN, ToE=T 1355
728, SN A~OIRIRAEIHI T MR DD, T D78, NOx JFEICHHIG LIl Y72 R FEE
WS DB, NOx IR EEZ IEMEZEHIT 201385, LAL, BIfFT 2 NOx /~—R
UGB MR CRIEERICXHG TE T, 72, =PV OREBENLHEETD
NOx Y7 M Cl, EHEIRIZ NOx N— R DESRAEZ RO/ L, TOREEIZR
MBIz, 22T, FBRIITHELNT. NOx Y7 et ofEs, TRz VA2 E128b
NOx N—RE VDL EHIEL, SPSA & HWTA Y T4 Tl SO A A R4
L7z, IRRFIEEEREL L, TOMRERFEL . FEBRITE HIERITF Y 3 DR B
BT AR, BISERRICAH Y 5 WHTC E—F 7 AMATV, EH50 BAFAf A5

-118 -



% 6 B TIL, SPSA ZET NAR—AZFHIGHAL T, AT F a—= 7Ll
AR, BIEECH, TFATY—HIEREHI OV GRR TR, HlEdSRoE
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PELV. ZI T, H®arha—J70/%, SPSA TRV T F a—=0 735 515
ERZEL, M FHEROKIIRMEICEAL, 32 —a TEORRA MR LTz, il
KGO [E A RN A R L A B ST AV AT ACRIL, /I VD H® 2 e —
ZIXIEFTHRML TLEID, BEFIETTIIRBT 52874, HERIROEA#IRE D
Bluicar ho—I3@nL, B 7 Fa—= J AR EER LT
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