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Figure 1 (Color online) Image of gasoline engine torque generation
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Figure 2 (Color online) Engine control test bench
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Figure 3 (Color online) Testing system for engine transient operations

SRS, SRR T A S ALK e 3 I DAL 4851 52 3 3 DLISHIEAS [R) e 33 00 T FO42 ) 20 R,
A2 1) 5% 0 TN P T4 B BIBERE N 300 ms. A HIRCRUNE 4 P, PSR RR BRF2ii] 48 3 A T bL
SEBUAEA R o0 T FHAR PR BRI . SR T8 Py A AHGE TO0 T & MBI W 2, XA
AR R R SR, B, AR E IS T TOUT (W 4 i) 16 ~ 20 s 5 27 ~ 30 s 1)),
HE AR T AR 25 5 S BRI AE BRI i 22, PR e IE A 15 0 ) 42 1 g A\ A RE S I 2 SEBR R
iR, AR BT RS RE AR, ARXTT S, BONBRERR ZZR 0 S AR SR ) 3% P R
BLH T S G R P B R RE AR T P RE
BT UL E PR ER, TRt — y%mﬂ’ﬂ%ﬁﬁﬁﬁﬁﬁﬁﬂ%& Py HIEASFEHITERE. B 5 a4 1 R Bl
WA AN AEAT IR SE R, b, BN RKITIZIR T & (B 3) Bski N siBf SEhrii s
BULIATAENE. 9 T RAEAEAR T4 5E (KA1 B A & B 25 Tk T 00N O BR ER PR 48 AR R, SR A
SREATLHER I T AR LLOR SN R PRI A= AT E. AR5, 25 B % O T B AR A 5 e o A 3R g s i &2

579



FRITAHESE: SEIN LA SRR 2R3 )0 AR G il 1) L e f) N2

120
100 + — Desired torque

Real torque (P;-based) — — - Real torque (P,-based)

Engine torque (Nm)

e
=3
=

o
=3
e

e
=3
2

Manifold pressure (MPa) Throttle opening (°)

3000

2000

1000

Engine speed (rpm)

0 P-based — — ~ Py-based N

Torque error (Nm)

Time (s)

4 (MEEARFE) RIMMTHIRE (ETMRMLEE P 1 Py) KIIEIELERIER

Figure 4 (Color online) Validation results under two control laws (Pi-based and Pa-based), respectively
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Figure 5 (Color online) Torque tracking control result under transient testing mode
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il b HE AR N2 AL 1 1) L. SCHR [25] Frgsid 1R R ShA MR AP2e 2% . BEALED A I S AL B i
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Figure 6 (Color online) Image of parallel HEV

fif# it PHEV ReJEE B jn) @, A SO/ 40— FhEE T EIR$R H ) Continuation/GMRES HiEHH T PHEV
R SIS A A ) SRS

4.1 ARGk SiEH e

ASCULE 6 B BIFEBEE R M. B 1483 R % R B & — VRN R Bl — G KGR L. —
HEAR M LS A8 5 — A TR eS . 245N HEV B il shaE 7 Fig s 16 &hxt—
& PHEV Ffeis & # R A 05 s B RS i, KBNHURAE B 77 LR Ha i AN 2 IS DR IE FL B )
FeFpRAS. BRI, RS AT A2 AR BE R B SR IS YA IS AT RIS ] 04 N4l g . iEFER .
mEYERE X nl 5 3.

IR HEV SR FEUE R ASCR 3 o AT SoC ME MRS R, 1% HEV Eh3
AR W T
Tarive — Two

Ry,
HH, Torive RRIREAES SHSE, o200 2 RN TR R, M RREE, 0 FoREHEIE, R, &
TRIRLTR, To, FRIEBERIIIE, g, e, p, AR Ca AMRFEREIINRSE . AN REL. %A
B ZERIREAR AR FH JE R A 0 52 UGS B B AN AR SR AR IR R BE R, S Taive PTHIWITR S
hE:

Mo = — Mg(p, cos +sinf) — %pACd’UQ, (26)

Tarive = igionf(Tc + Tm), (27)
lgloWy = We = W, (28)
Horb iy FORIREELL, o RoRIAAEBLL, T, A1 T, 7303 KB A LHIAE, w,, R LR, T
TR wy, FIZEIE v 2
V= Wy Ry (29)
AL, I BB 25 E I
—Upe + /U2, — 4R, Py,

SoC = )
2C)bmax‘Rb

(30)
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Hrp, b, FRoR IR, Use, Ry A1 Qumax 77 WIS BIBAIT B HLE . AT R FE A &
L D) 5 LI R BA IR K A&

Py, = 0" T, (31)

A pfe FOREIBIIFE OB AR, TR ko BUE R ESCN

—1, i,
b = (32)
{ 1, FRH,

HERRAE AT A Z2 T 1 (T, o) IR,
N T KD F R MBS, OSSR T FEAE 0 H AR i 2, BY

t+T
J = / FEthvThf(T) + me(T)dT. (33)
t

E, Quy (J/kg) FoRBAIMAREVE, 1 (kg/s) Fo BRI BRI FER, W ERYE K S brig 47 525 45
RitA7 Z AU E IR E,
mf(Teywe) = Mf(Te7we)7 (34)

e (W) Bl FEHLE, Hl F U ESH
me(wma Tm) = _Uochnlaxsc;C(Wnla Tm)a (35)

I'e Ko BFEEER SN FEM BN EIR A 7. & v (¥/L) RN, v (¥/kWh) KRBT, I's E
B ’yf/pf x 1000 N Ye

B Qihy 1000 x 3600’
Horp pr (g/L) FRon#hama . 20 (36) 7 LAIE HR A 30 I DR 4 Bl SRS AR T S5 30 I KN T
AR /NG HLA T v AL T R T R T R M, K DLVE R R RN ) A K2 SoC B EZE TR

Iy (36)

4.2 RTIEHEMAES R
ARG (26) 5 (30), ASCERABAHLS A BIHLE A 2 fe b 5 58 LU ARG 5. 2
u = [ig,ur]", (37)

Hort wp FORHFIACEL. AR /RO E e LR
T

T ()’ (38)

ur =
HH Thomax (wim) 78 LT LRG3 1 fp R HHAE R 20, B, B LA h 2 3 oL 22 il ik =X
H EATH wr € [-1, 1) BOAEZR RSB TES KBRS, R TAETHIPRE. T Tz R4, 4t
NN FNBN TR Pavive FERTHHE 0. 58 IMBEIILTEN p € [Turive, 0], e mIHLTE R
FERTDLE mIAUHEE IR S (D, Thive = Parive Rw)-
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xR1 BEETENR i BRAMUNEFE

Table 1 Converting map from continuous variable ig to gear number

ig (2.3, 2.5] (1.3, 2.3] (0.9, 1.3] (0.6, 0.9] (0.4, 0.6]
Gear shift 1 2 3 4 5
FET SRR 2 SRS HIZE (37), BB RGMVIBLRHE, 18U 2% R DL 2905

{ Wemin < We < Wemax Temin(we) < Te g Temax(we) } (39)
)

Wmmin < Wm < Wmmax Tmmin (Wm) < Tm < Tmmax(wm)

AR min M mnax FARHHRLEI NIRRT, 9 T Tl 5, 2E T FEHIARAL T R AN wWemins Wemax,
Winmin, Wmmax T Temin NE T E. T Tomax WEBT we Ak, HIET RKBNHUFHE I ZIRAT Tomax (we) )
I LMA.
AN 0(t) S5, HAEMX ] [t,t +T) W Puive 5 0 NWE. W, HTIBARE3) 115
L 4D S B I 2 ) ] R R
t+T
minJ = /t TeQuuM;e(z(t),u(t'),p(t") + me(x(t'),u(t))dt’ (40)

u

s.t.

j::f(J:?u’p)?
Z.gmin < Uy < Z.gmaxy
-1 < U2 < 17

Temin < Te(l‘, u,p) < Temax(xv U’)a

Socmin < T2 g SOCmaxa

Hrh 2z € [v,90C)T, HEWATTHEH (26) 5 (30) 5. M (40) FHIAGERLRFAATRATTE (5)
R E RIS, AR SCR B 2 SER SRAFE F ok ) .

ROZFEH, FIREVES B IR ORIES AR &, A SCATER N I HEV R B EUT A 2038 T8
ARG FTLL, SRR 1 4 WAL SEI. AP Bl B SR 2 51 S A4 SR A0 A 428 ] O 2 248 )
HLVRAR, X2 F FH IE B A AR B T 2 B A B BN R s, L R AR BE — 2 (R e AL M 2k

4.3 {ESCIEIIE

T3 5yRIUER HEV 5 B8 R 2T GT-SUITE M8 1 25 5 /8% 1 5 /) A R A 5
T Matlab / Simulink 2l 2SR SCILR). ZEMPE S EON LR EBEIE. N 7 AT EIRIE, 3
TIMAREE vq FIN P ARSI 4 mIHLRE R Dy 2. A0 R A RIS an ] 7 plos. 1%
B SICE Benchmark [i]# (261 $24L{¢ SERREMIZATHIE. FA LRRAEZANL 1 HEV 8545 R3]
JIEE, N T BRI A2 AR A AE 45 o8 I % AT B SR AF TSI AT, ASCRAWNE] 8 B ) fif B A5
V)32 4 DVE PRIS AT B D)3z i) et TR L FATL DL R AR Ta ik 6 1 50 7 ds A B DD gk 75 vp )
RGFRE M A A ARSI A0 G Bkl 25 [8SEPRIg AT T, N ZER EigiT T EV 1
A (BEES), BEBR TR —BOEER, U)JH B RN A 1 i SR T ihiztr. B8

584



REBY FEERY 46 H 5 M

vy (km/h)
Slope (%)

0 2 4 6 8 10 12 14
Route (km)

(b)
B 7 (MERFE) ERREHTREEER

Figure 7 (Color online) Driving route information of real city. (a) Benchmark driving route in [26]; (b) driving route
with the slope
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Figure 8 Flowchart of engine on/off decision logic
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Figure 9 (Color online) Simulation validation result: I'y = 0.544
P I R SR AR B E LUF
. R
v (g1, W) = ——wt, (41)
1g1%0
. iglo
weo (ig, vs) = =—v, (42)
Ry

KA ot RoRVIH R ERS R B (E, wto Roniah LI i 20 R ShLE E .

PF B, 35 wsto = 1200 rpm, SoCmin = 0.3, S0Cmax = 0.9, Tomin = 8.5 Nm. 5| 5%
MXEBERN T = 2 s, HHFM 67 = 0.2 s. 1EFEN HEV BATBESH, [ERIEBYIE Ug) H b
FRENHRFIE 2 “S17 B Ugy. B9 e T I = 0.544 I BOFE 61N S R 48 00 et it 2. i 18] o
SERRHEE RS vg BIHEESE 746 RN EARMIRSTE. 1G0T, SMEHET Iy BUARK, K&
R LS FEATLIR SN, R SHLE) J3 AR /s HGE R T A sSSAR — @ RS RCR A, Wi 9 Wy i sl
E Py SREWINZE P, 1) Py, — P MIZRATR LB 10 45 BRSNS AL TAE &L B nTE 1,
e A A2 ] ) 80 2 SRR R R 2. L, TELLFEALAR B IRBN I L0, MR A B — e 45 H AL
BT 1000 rpm B, BT R E TAET AR GE KT 80%). HhAME R R, AT ik il
A (40) 1 H bR R R 2 IR AN BRI VE FE T A B RV I IR BN R R, DRI 28 ) 25 SR R S bR R 5 2
AR AR R AR 22 TRl M RE IR AL AN E N A SR 25 FE I P 25V

AN, SHEFAA RSN T Tp BIFEHIEEEAT T RRIE. B 11 REH TIEEICRFE Iy B
HISERS SoC MASE, [FIR, 25 T AH L DA A TF S A SR i 8 S re v FE. MZ R T LA, 4
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Figure 10 (Color online) Operating points of the (a) engine and (b) motor: I'y = 0.544
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Figure 11 (Color online) SoC responses (a) and the fuel-electricity cost (b) under different equivalent factors I'g
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B SRS %, B, AR TSRS [R). T £E 2k da B 18] AR AR T ECU IR 035, Rl it
B e - SE A T I SR s (8] e B SRk [27] 18 T 2T dSPACE SEZ3L Continuation/GMRES %
ﬁfﬁﬁmﬂ$fﬁﬂﬁiﬂlﬁﬁffﬁiﬁfﬁﬂH@?%%é.ﬁtﬁF,ZFIif}éﬁﬁﬁfﬁ4h§$%£ L2 H R RN B AT B AR TS AN AT A0
G G0 T BIFE 2RSS AR AL PSR, 4 BRAT TG T R0, T i B St s FH B s LRI &5 2 R A VL 2215 2
E@ﬂﬂf”‘*%f%fiyﬁﬁiéEﬁﬂiﬁﬁﬁ@ H2, XPhE R 25 E BR AR T4 AR A A ) 1) R SR B 5 AT 4 )
AR 57, A SCASFRBER J7 VR I LB, A7 PSR 322# n] 2 W CHR [27).
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Application of real-time optimization algorithm to the control of
automotive powertrain systems

Jiangyan ZHANG!*, Mingxin KANG? & Tielong SHEN?

1 College of Electromechanical Engineering, Dalian Minzu University, Dalian 116600, China;
2 Department of Engineering and Applied Sciences, Sophia University, Tokyo 102-8554, Japan
*E-mail: zhangjy@sophia.ac.jp

Abstract This paper introduces a nonlinear real-time optimization algorithm with applications to the control
of automotive powertrain systems. First, the GMRES algorithm for solving linear algebraic equations is reviewed
and its use to solve a real-time optimization problem that satisfies the Pontryagin condition is introduced. The
algorithm provides a numerical method to solve a general nonlinear receding horizon control problem. With its
light computational burden, application of the algorithm can deal with fast transient control problems in automo-
tive powertrain and can guarantee operation with real-time control. Then, the paper introduces the applications
of real-time optimization algorithm to the torque tracking control of internal combustion engines and energy
management of hybrid electric vehicles (HEV). Finally, it presents the experimental and simulation results for an
engine control experimental bench test and the GT-SUITE simulator, respectively.

Keywords receding horizon control, Continuation/GMRES algorithm, real-time optimization, internal com-
bustion engine, torque control, HEV, energy management
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