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Optimization for economical cruising strategy of continuously variable
transmission vehicle using pseudo-spectral method

XU Shao-bing, LI Sheng-bof, CHENG Bo
(State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China)

Abstract: The fuel consumption of passenger cars not only associates with their fuel-saving performance, but also
depends on how they are driven. This paper investigates the economical cruising strategies for vehicles equipped with
continuously variable transmission (CVT) and gasoline engine. A fuel optimized control problem is formulated after
building models for vehicle longitudinal dynamics and engine fuel consumption. This is a typical singular optimal control
problem with a nonstrictly convex cost function, so the Legendre pseudo-spectral method is selected to obtain its optimal
solutions. The results show that vehicles should cruise at a constant speed (CS) when the average speed is either low or
high; while the ‘pulse-and-gliding’ (PnG) strategy becomes more economical when the average speed is medium, the
maximum fuel saving of PnG is 13% higher than that of the CS strategy. For the PnG strategy, the fuel-saving mechanism

and the relationship between fuel economy and driving comfort are also explained.

Key words: ECO-driving; cruise; pseudo-spectral method; optimal control

1 5|5 (Introduction)

VRZE TV PRIt e Jee, AT 4108 1% A2 3 1 i K )
FTREIHE T ). YREAT B R I FEAMN S R E
SHPEREAH G, 1 ELAR KR T2 s 03 (1) 25 45
Y7 S BE — R Ll IMEAT 2 aliFE o H AR
Sk Sy W S S R B T B N =Y v SR ) e
PR, (R s STE . A0H . ZEERe S 2 A
VLPC, 35 B BERAT 4 FE I H (). IR, &5
PR B ) B KT RE ) vk 15% DA L, X LTI TR
BBl AR 12 20004 LK, FRL 3
H & F 2R A BU BT TR KA BT
KAZFRFAR, WSk EIntelli-Driveii HB!, H AEnergy-
saving ITS i H HHIRKPHEcoWill i H B!,

ek H : 2013—11—04; s HIY: 2014—03—03.
T3/%/E% . E-mail: lishbo@tsinghua.edu.cn; Tel.: +86 10-62786082.

ZE PP — P L TR B 22 SR M R R ST
SRR B g 5 P2 B A 55, R Z AR A K
FUU SR ELAT B 1 S PSR, a0 A LA 289 T30
T, G SRS IR S G R A%
Ao E, Z5 R SRR — AN R AR s i )
681 Kuriyama 5 AW HEBIVRGAEI0E TO0 T, g7
T REFEBAL IR iR, 8 B AR A AT
B A TSR AR ). Thomas® N ST T AFAEAC AT
LIRS AR S/ ) S LAz o e i@, 383 Dijkstrads.
T 4 AT s P HEAT T A4 NouveliereZ A
T S A S T A T A S ZEIE AT i s
i £ HAth ML 7Y T A SR [7, 10-11]. Rk TARAF
FEUNTR3AMRE AL 1) RIS Iyl 26 K 22 a1y %

FEETH . FR AREREIES R BITNH (51205228); &2 A ERHWERIZ I H (2012THZ0).



694 7

5 N H 531 4%

e SRR T I 2R S N R 4 5 T
i3 S e = AR B i ) e S 1 B3 el o 2 R
FEU2-1 PR R ST AL TR ZE K. 2) IR TT
FE— M T 2RI B2y FEre gt , DAZE T e ek A
T AR, AN EEPIRAE R (E T TR P97 8%
ISR 7)), 208 T 250550 1 256 R AL TAE s AR

VRS I3y FESRAE T b, K R B s A
RV N Dijkstrafi 26891 2 25 MR 2 B T n) 25
HOR 2230 YLk, A7 AE“UEBUCK AE 1) 1) 18, Dijkstrai
TE R A ) B R AT PR R TR 285, 3T A I 5%
B RS A s R D=l 11 OB -7/ 7 R0 I [ B R W ) ]
T T

ML T Bh ARSI, BIE N TR S
e SR e BRI RE WA L BRI B S AT S
I e Amt s il A S R IEME DL AR AR 22 44
Wb T B S MR AC A, 20 A g e —
o YRR I 2RGSO, A5 T R A LT AR 2k 1) =
B AR L R 1, AT AT B I AR AR SR AL, A S 3
BEPRZRAZTOLT IR P& mg . 25 P S ms 1)
HERA T b — ez i i, B ey - b i)
T TRIRS A AT ZE s RE B/ . F T e e il in)
BT RA SR = |2 M = R S LI T W 2 S TR A
XTI ) B RE R AR A 1 e, DRI i )
& MR ()3 S g LA ) 1) R, T I A — P 45 A
SR (AN SR AR A B B IR A, DRI A SR Py it v 0k
ATK A

FATEF SR AT A (1) — S B A 1 i) it v 205 At
J71, AERT T A5 SR IC A2 B AT S PR SR A P ASe 8
TP U161 L LA SR Ol A 1 AT T A A B AL T 4t
e 85, 3 Ik 4 S AR 2 1 O IR A R A =, A
117 K e A #22 Hill 7] 8 (optimal control problem, OCP)#%
A AE LR K 7] @ (nonlinear programing, NLP),
I8 3 SR ENLPTS 21 B A 3 . w0 D i vk Ay
GaussThitik Radaufhifhyk. Legendrefhifiykt ™, 3Fh
PR A 15 B INLPYY i) DA RS ST sl Al
o 1) U8 ke i, XTI R B, R R Ok
O(N—™), X T fi#t A1 pf B K B HO(eM)(0 < e <
1)UV 3R v AE AR SN ] ) S AR5, SRR
55 FLAR )@ R SUE DA OC. S0 R AR5 4% F
s il ) 7, Legendreth i v2s 2 A 514 B SE,
1M Gauss FIRadaufh 15 7% 7] GEAS SIS A SIS 11
S L i) e AR i RS 52 B, R F Legendre Dl it v
KA.

RS F EE T % 44 CVT (continuously variable
transmission) 4= i 7E 1 18 % _E A 28 5 1 A o s
RO 1) 2 M m # UR 1) ) sy 2t DA A B
TRSRAA, 2) LoD PRI IR RAE L PERE S B AL,
SCEE 2R T AT SR HER I A i )

L B3I IR T Legendre D iy SR Ag 12 1) it (1) Js 2

AT T I SRS A TSR A 5 oA 2R 5YY

MR A BB F 7 22 5 P SR 18] A A T AL

2 U i AL il Al & (Optimal control
problem for economical cruise)

2D MU (A T b — A s U4 il in)
L, SR T R R AR T B TR L AT 434 T A ek FE
MAES /DN, RETT RN B\ n ) ) 2#A0, P Redi
B A R BHLRFRE. N RN AN ) Bl ) 2
BT L R B LIHAEAR AT SR LU RORH I R 5 D045 ) 1)
2.1 EWY M B) ) 2B (Longitudinal dynamics

model of the vehicle)

ST 7 ¥ 1 AR R, A SO 2R3 8)) ) 20 Sk
ATIE MR 1) 2R BIHLEL A AR s 5 K38
PE, DAR AL 2 A IR B 2) AL sh RAEANIA]
HEEAUES D)3 AL RF 2 3) o€ B aaseil
W R IeH B IS, 4) ZEAAT B TP EE S b, 2
JERIA I RS AR, ] 2.

PSR b, R AT B B A s S R
BIFH 200

1
FR = §CtDpa14v'U2 + fMga (1)

Forp: Fp N BEAEATRERE D), Co KB R L, po S
L, AR TR, v R L, f R BN
TIERBL, MOPEEZR iR, ¢k BT .

TR SRS D3 AR T A s WL R, e AR 3
A TR, S 2 )] 73

LA SRS VS o )

Ferpe i N AR LY, i A T IS LE, no A RS
FALHHCK, r R A%, T KB U 1%,
O e R AR AL AT R R, A B AR BT,
WML i w5 A v 2

we = 60 x QLMz'gioj 3)

TIAN, Gy R TR s A | DI adi AL

{ =0, )
U= a.
2.2 & BBl FE ## BT B B (Analytical model of

engine fuel consumption)

ML IR A )T BE AT G, (Rl
RRAEIE ) AR L RS G T B 1L,
W M S T A SR 2 20 W AN i T AR S e
#2.0 L BRI AP A shbil, e iprdefit 7k
BINLSEI A . b T s A5 ) e P A SR SRk
RE BRI BUR AT A, PRIHAS Sl o dp /s Sl B & AL K
SINUT AL DI RN SRR TR it 2 (R AT



5 6 31 /bS8 TR AW I U R Dy i A 695
st SIHUAR R AE DRI, AR N T TAR s

LOREILTAT R 81, Ut A AT A Ao ) i R

W, € R120% % 5 Wl # 3 (t/min), T, € R120% 7 46
(N-m), F, € R'20% % 2y HLIB% 15 15 9l % (kg/h), b, €
IRY20 Ay 48K 31 15 E 2(2/(kW-h)). HH X6 8% 91 314 4E 20,
FUA AR, BT LASE 54002, BRI A SO 454845 be,
Tl B a5 51 b, . B Ar BRBUE B2 4E4 IR 2 1
. AP RS R R R e Y e R R —
AAL TR

W = W, /6500, T = T,/200. (5)
IO IR VEEE (E= SIS
1Ty w, T?--- wt aq el
Fo=|:1 0o : L] ©
1T, 0, T? -+ w | a5 €m
Hrhm = 120. (6 H
F.=GA+E, (7)
Hi 85/ —3edUl 5 B T A
A=(G'G)"'G"F,, (8)
HH H A SR IS g it R 1) 22 I e
F(Tow) =3 S A (g ey,
507507 14443302007 26500

9)

3 F i I, 8 Ik ] SR 8 BT ] SR H R i v E
Kb, 2 TG FFEBSFC) M 1.

b./(g-(kW-h)")

\

200 [~ T

150:
g [ N ~ N ? ]
B 100%5‘ ™ 26 / ‘
g - AT ‘d:
300 / -~
[ N T — 350 4
& . 35()&»4’/ Sadl
) —~ -~ o0
= 808—— 600 =~ — 600/

f000 2000 3000 4000 _ 5000 6000
BSFC
B 1 RS AR
Fig. 1 The brake specific fuel consumption map of engine
KUK T HAMRF AT I 124, A5 s
P TA RS20 KRR 2 A
4 w. .
Tmax e) — kci — l, 10

=0

Horp: b AUE REL, Toa AU E SR W 1R, K

w, / (r-min™)

---Tmax

Teco

MRESR /D, AN Dh 20 W B 28 B AR G2 I Ay B
2GR 2, A1 R R R IE I
Teco (we) — keco (weco - 1000) 77 (11)

HoP: Keco WIUG REL, v I UG BREHREL, AT
H1/3, Toeo A G R MMEN TR,
7E_LIRAELR RIS I B R, R R B S A b AT
A, UG PR R AT AT AR AR LG PR R A5
Ry, N SCHR 21188 H 2 S AR LR RS VP FRAR. A
SOEPEAUG I RUAK Ry, 3X A SRS EFR KA F 40
HRCRRPU HA R, Ry, € [0, 1), W ITEENIFN TR IR,
FERBEZUT 1 R AL A ORI T . BRI RN
PE &5 Ml 2 = 1 LA 0 BE RS I 20.996,
0.946, 0.990, Ry1, %3 ) 240.951, 0.971, 0.959, ¥J % Ky
.
2.3 HALEE R & (Optimal control problem)

S A il v 3 A HEPE REFR bR RS TR LA K
LIRS RSP U mE HE R S e il i) st
PEREFE bR A AT Bl A2 A S LS . SCER 22107
S R, 3R R SIHIAEETCHE 2R th A HIMAPE A 1
SOMFETR Z235)/NT4%, AR SCAl A SO 1T
ZEHRED- 1Ay 38 G R B AL A A 1) K P8 D3 B,
PERE BRI Hh 5 I NEE T R B AR AR 1) ) 5 )
TR, T PERETRbR T U0 R

dT,

te
mingjO F, + ko( i

AR I B AR [ 9 BT DA A0 AT B
B s 0 AR A A, LLR BB BT, b,
IPERIARR, LR (1)) EERA T Ny

)2dt. (12)

@ = H - 1, (13)
v
/\I:P
0 . 1 0
f=1  —CopAw?*+Mgf | o+ | igionr | T
0*2 OMr
oM

X TRE % CVTIMZER, AR TR AR L 3 6 45
FIBE VRS M. AN SCE ST A & 5
W5, DRI DA B0 PE O B AR EEICVTI UL, B A B LA
FEETh A I, VTR AT R SHLA & TAELE
ARXAD TR LG gk b, R L
2 AR R

T, — 11.1327(w. — 1000)*/% = 0. (14)

H10(3) T AR i i A

. (Y%
1g = 60 X

15)

2T W,



696 E o

5 N H 531 4%

AT FOVFHE AR AE /BN, B 5 PRUEF 2
LT AR R T A vy, R
D=, (16)
AT eI R, o KA 3 e By 2 3 B [9) AT
WIANREE, 28 5 175 A B FR STt DAL I B o 3 3 i 5
ANt - v, Bl
(1-a)y,<v<(+a)y, (7
FLr oo 42 T P2 e s v L 2R . (]I il A2 A 3
PR JIE S s A A LU PRI R 2 TR
Wemin S We S Wemaxs
0< T < T (we) (18)
Lgmin < Ig < Tgmax-
R R AR R Te) R RE R b A i I etk pR A
T ELVRE RR B 7 AE T 9IUBE, 35 S50 85 T R 00 42 1
A () I I AR RS T, PR ) — A
SR )T S e s o ) . G b AR O
Fe 3 — i LA SR AR IR e B T3 2%, HLHE AT
€ A S B AB IR 25 44, DRI HEAS SR H Legendre Dl 1%
A THUE R AR
3 Legendre fhifikKf# (Solving by Legen-
dre pseudo-spectral method)
Legendrefh A ARG AE: R LGL(Legendre-

AOPRAFIE AL B, 1 e pR 208 I Gauss-LobattofH 73
BEAl ST A SCHE H 1 2 55 1 AT SR s 1)
Legendrefh il KA BUNT -

HB]T WA . K8 AT AR R N[0, ¢]
AR X W] [—1, 1], LA A Legendre 1F A8 2 1 =2 X
DX 1], B

At
==
SB2 WA EHUL. Legendrefh 1 AL s R

T , T€e[-1,1]. (19)

WHT, i =0,1,2,-- -, N. FRREFNF AR B AR A
Ab B B, AS S HhOIR A AR X AT 7R R B R B, A
LGL & 20N

_ So Sy -+ Sy
X_{Vovl...VN}' (20)
AR U A KBRS AR L, Bk
To Ty -+ T
U = . 21
{]go_rgl...]gN} 1)

PRASFN AR i ok DARC »5 R i S Lagrange ddifii
BT :
N
x (1)~ X (1) =) L (1) X,
i=0

‘N (22)
u(r)~U(1)= ;Li () U,

ot Loy Lagrangeffi{E AL pR 4K

Lin= 11 ——5

' j=04#i Ti = Tj

B3 CRETREHA RS LR GEE AT

B A 2 WX S S, HA s ST A 0]
SRR IS

(23)

. N N
x (1) ~ X (1) = Z%Li (1) X = Z:ODkiXia

(24)
Hrp: k=0,1,2,--- , N, DNTDXN+L) Sy /il
AT W s ik el

PN(Tk) .
b k7

Pam) (re—m) 7

N(N+1) .

Du={ "1 o 1Tk=0 0

NNFD g,

4
0. oA,

e R R0 s )1 T RE AR LA N + 1
ANLGLEC »AR 45202 R, B

N ts

Z DkiS'L' = 7Vk’7

v . Fa(Vy), @9
_ bl IRV

;]D’”'Vi D) [6Mrjngk SM )

Hoefki=0,1,2,--- N.

S 4 VERERBEAL. MEBE R BP AR 2> T AT
101 Gauss-Lobattof 701464k, it N + 1ANEC i %
ARG ATIA2N — 1. HbTeNan

te N N
J = Ef > wi|Fs(Th, Wy) + ko(>. Dy T3)?], (27)
=0 i=0
i W o B R SUEETHE, w AR AR :
1 2
wE = L be(r)dr = N(N +1)P% (1)’

S| S KOCPH: UNLP. J@d ik L Ig, npk4
GEPE AT SR M HE R B U ] 1n) i A Ak g DATEE AT
. MU RS AR E L A R AL AR = 1
AR PR e B, B

N N
man = % Z Wi [Fb(Tk, Wk) + ke(z Dkiﬂ)ﬂv
=0

=0

(28)



5% 6 31 R I

5 AR AR TR (K DAL 697

t
%Vk‘ < £,

N
|>° DyiSi —
i=0
N e ToMT Fr(Vi)
‘ZD’”" 2o ™ =5

\Tk — 11.1327(W}, — 1000)3| < e,

lI<e,

‘? —vp| <e

| Xo — X(70)| <&,

X - X(m)| <&,

(1 —a)v, < Vi < (1 + ),
Wemin < Wi < Wemax,

0 < T < Tax(Wh),

\igmin < Ig(k) g Z‘gmaxa

s.t.

(29)

Hr:k,i=0,1,2, -, N, e 220 04 ot &
it EiRiEA, ﬂﬂ%OCPH—WCﬁ*/[Va\ KL
YR RNLP )8, FERACSECN BN AN . ARSGE %
ST H SR AR 2 SNOPTHEAT SR A 23,

4 2 5 P & AL K B&(Economical cruising

strategy)

IR SRAEAS [F] TN B O, S 3L
FEANE AT AR AT A AT RS HO BTS2
TR BRI EIHUEY T A2 270 A 2 A, LA 44
SRR TR, WD S HOR B bR S 5]
DL B SR AR T8 I S, 70 TR N v B0 v o 5
PR 2 2 (an 8 4 5 ) EAT SR AR BV S DG4 Il
BN S BN R 2R,

FORESER 5 3
Table 1 The main parameters of the vehicle
ZH BE R || B8 BdE M
Cp 0316 - nr 09 -
Ay, 222 m? r 0307 m
pa 12258 N-s?/m* || wyyn 1000 r/min
M 1470 kg

wWmax 6000 r/min

f 0028 - igmin 0.4 -
5§ 12 - igmax 2.6 —
io  3.863 -

.2 A%

Table 2 Control parameters
24 Bdu L
ke  0.0008 (kg/h)/(N~rn/s)2

tr 112 s
« 0.1 -
e 1076 -

4.1 PnGH!EHE(PnG strategy)
TCE 2 Ok 53 A B ) P AT R 43 il 5 ms,
20 m/s 145 m/s, e i) REUEIAE SR Al 45 R 11 2 B

. 205, PSS A S mis, 45 /s, f i
FUT SR WS 35 O ) AT B, R S AU e R I DL R
CVTHE LI PRAFIEE, Ik Iy 1 i 53 73] o4 0.466 g/s il
4.04 g/s, RANPLTAELESR:— [ & i, WEB3 R, 24°F
PR 0 20 my/s T, SKRAFFS BIROAT 43RG, TR S
S5 A IR IE 5L B3N, R IR S A 139 N-m Al
36 N-m [H UL 8 M 5l R AL R CV TS
bbb, 5 R SR e By X R B 7E TR AR k< -
AT LG, B R B LUK D 28 I3 2250, X .
(IR ISP it FR K 2 I RAHL VB AIR T #3847, A
IS (147 M 5 9ty 2 5/, R B HLEK By ) R/ T B D 6,
TR AR, B TAE s A W B3, RILE

s D) e
45 ———vp=5m/s—7_)p=20m/s .......... -
o) T v,=45m/s |
g 20t .
=
18 1
5 ___________________
0 5I0 l(I)O
t/s
(a) TR s
2.0 T T
0.0 L :
0 50 100
t/s
(b) ALY
——v,=5m/s —7)p=20m/sI
T S
)
: 100 B
Z
e
D e T
0 SIO l(I)O
t/s
(c) KAIWLIIHE



%31 4

698 A I LI
4000 |- 4
£ 3000
=
3 2000
1000 . .
0 50 100
t/s
(d) RBNHLELHE
T TR T PR -
——v,=5m/s — v,=20m/s
...... @p:45m/s
~ 3t i
&
o ™ 2 [ =
R
1L i
0 1 1
0 50 100
t/s
(e) RANLIHHE

B 2 ANIRIPP RT3 R I 28 P T s SR g 45 2R
Fig. 2 Solving results of economical cruising strategies in

different average speed conditions

P 4R340 8 S I RADL L E 5% 0% Bl ) s A7,
IR PR A% 5P E S A PG (pulse and glide) B8 i 5
W — N SE AR IR AT I FEFR 2 —ANPnGit
i, X5 R B 1) 4 PG ). SR 1% S A T 25 s~ F- 2 ik
FENEE, (FR T I NI S, BRI .

K HE— 2503 M PnGHY S (R RF P, 29 23
20 m/si, i B N 165, 28s, 42 s, 56's, KA 45 43 5]
SR 4T LA, LB, LC, LD. iX4Fh % & K S B i
2R S IPnGRY B, KL 2 LARILB R IR, W4
PLTARE WZe 32 A 2 E 5% 80, (LR TR el /S, i
I D) R AT T V)3 R, AT LM 9 SR 58 /I8 i 8 e
X T HHZELB, ¢ B h28 s, Hdd i ik 2l 1k B 2 o] 14
Ft, BRI — AN R IRIR 2R I 5405 8)), R RRZ A
— AMWEPRG. % LG R LDAILB, 7y &34 J5 #2
i, AU 2 I AN IRPnG AL . X LG ZELC
HMILB, F &t 42 s, Ho M4 o id s IRPnGHY 1, 2
T HE B AN R BE AN B 4 k. EIRLA, LB, LC,
D44 M 2565 B (PG SR, JLAH X 40 380 & g S ms
(1E 23 B YRR 15 0 253 501 910.36%, 12.94%, 9.19%,
12.96%, H1En] 405 PG5 A 1 K TR IEPnG

0 PSS TR S I T T T S S S S S T T SO SO S NN ST S ST ]
1000 2000 3000 4000 5000 6000
w,/ pm

Wo,=5m/s O v,=20m/s 4 v,=45m/s

K 3 KL AR S A

Fig. 3 The distribution of engine working points

22

20

v/(m-.s?)

—1LB

4 At NRAEES R
Fig. 4 Solving results to different ¢¢

4.2 PnGERETT MR ( Fuel saving of PnG strat-

egy)

ik o PG RIS IR AR, £ X2.3 71
PR ) R, 43 e B I RE 0 o 10, 11, - -+, 35 m/s
L3 IS 1) 410, 11, - - -, 65's, AU AR i 9 i 55
31X SOFE R, 25 R ESHR, kiAkbrgk
TN TRt , AR AT B TS5 o, S5 gk IR
i LA BTSSRI R i

FISREESE

1) X 247 ¥ 38 o € [12, 30] m/sh, 77 7EPnG 3
% FEL ALK A0 3 SR LA S R, A v P R
FHATH N

2) VB o8 N GRPE BB B ), A7
TE— AR I W)t A4S 15 BE oK, I8t
PE SRS R IE PnGRL R, ¢ WA A0 449,

ASJR] 4135 BE R, 5 TR PGSR I A1) 33 S (CS)
B ET 2 FLVHFE(C et ) ~ PG SR M A AT 38 S S 1A 71 ¥
R (Npae) WO, 24 -3 5 2420 m/si =5 v 40K
13.22%, 73K T 10% R34 X 7] 4 [15.8, 26] m/s,
RI[57, 941 km/h, 3X — 3 5 i [ Ay 24 6 e s Ao 10 3k
FEE X[, DA R FH PG S s et $ -4 b kv
S EARRI R L.



IR EAE: TR AR AR G R s 1 Dy i Ak 699

v/(m-s7)

5%

t(/ S
Bl 5 ANFIRRE ot BB IR

Fig. 5 Fuel saving rate to different speeds and ¢;

201 -18
- rlfucl

—»-CS =
-8-PnG £
- 2
N S
~ 10 112 2
= 2
F

0 ' ' 6

10 20 30 40 50

v/ (m.st)

K 6 JlEPnG i ihZR

Fig. 6 Fuel saving rate of max-amplitude PnG

4.3 PnGEBHIZTHESEFEM LR (Relation-
ship between fuel economy and rid comfort of
PnG strategy)
PG 3 W AH LG A) 3 S F AT BRI v ),
R TR AT B IV SN s 5. I IF S PnG SRS 1)
SV SR IG PRI DGR, AEde e il 1] 8 i) 1 e ek £
PR NS T B AT VAR b
te
minJ = fO Fs+ke(d£e)2+ka(g)2dt, (30)
Pk, A BP i P T ok B R A BT o TP B
h20 m/s I, K AN [RIAEDR IS P 4 ek 246 DA A e R T ikt
JE (Armas)~ “FIEIIIEE (@)
b P 7 0] %
1) B ko IO MG R, B4 o B AIG, &7 PR &,
TR
2) Mk, = O, S KNIH40.078 g, TRy
0.028 g, I INF 5 it 32 45z s 4k, = 6.75I5F, Bl de K
THCE A5 T ON A I R R 150.02 g, 5 AR A
4.4% PR, Mk, > 100, SO R0, BN
AT, EE UL ) g BT, = 0, PnGERIS F i
KNN3 FE /N T70.08 @, S 7R 5256 v 2 i 53 F1 3fe % 6t
FPIEVER EPENT 27, PnGIREE I 5 AL 13 5)
SR, R R IE T 2 LU/

dv

15 10.9
- rlfuel
—@- Uy
10 + amax - 06 =
2 @
3 g
& =
N S
4499 0g o - ----- i
------------ 0.2
I
T
1
1
1

0 éll 6.75 8 12
k.
Bl 7 PnGIRISZGHE S ETETEIICR (0 = 20 m/s)
Fig. 7 Relationship between fuel economy and rid comfort of
PnG strategy(v = 20 m/s)

5 PnG3EIEHIHLEE ( Mechanism of PnG strat-

egy)

PR B A Tl (1) £ B SR it T st R e )
ZEGFPEPnG IS, T THUKE X PG 1 2 B SR R A 75 3
HLEEREAT 04T

RANHLEFEL B ME 0T Y (i FE-Th 2O R

=4 L1 W= 0 U S W 2 - N B 2
ST AR L PR G th 1 77 5 1™ AR SR, DL, 4 A
SR Bt ENT bupvAlipriE ey (S RLILI N i)
KHIPnG RN, KANLAEH ML s R D), 530 CAE
KA E R HAEIM R B 5] i, SR PnG S
(R S5 20 I I 3ok 31 ) S SR A RER IR AR L,
FEPRGHNS AR BE, AealL LU a8 e R il e
Fetb M MUBRRE, FI T Inide 4=t 45 g i LLsh re XA
il T 5, FEIATI BUA R TBIRE, HE4k L RE R AL
ORI BIHUVE TAE T C ri 2%, -8R UG
i, CHE P s lgr I M AN 22 5 K214 %, 240
FEIL LB H, HATIBE P REAR, X 5 Dbtk it
2 E S O T RLILINE ) W i SO LB SR VAP RS
T RBE, S L] A A S AR A B
) TR AR L i I R S S s

— Gyt
L

IR (g-57)

T kW
K 8 PnGZREE LB M~ A K

Fig. 8 Analysis of the fuel saving mechanism of PnG strategy



700 CA I R A %31 %
6 %5 (Conclusion) [11] KAMALM A S, MUKAI M, MURATA J, et al. On board eco-driving
e SETRTAN 2G4 system for varying road-traffic environments using model predictive
Z'KI N }EH Legendrebﬁ = {jé]j *ﬁ TCVTE&@E/}’I @‘IC control [C] // IEEE International Conference on Control Applica-
T AT MG . TR DL A TR L. e T4 tions. Yokohama, Japan: IEEE, 2010: 1636 — 1641.
g\ sh A T R SN IMAP K o B — 3 [12] BIGGS D C, AKCELIK R. An energy-related model of instantaneous
y S N S i NI fuel consumption [J]. Traffic Engineering & Control, 1986, 27(6):
g SR G S R A
AT BB, 4 SR ful consy
bidl 7 AV bAray| Rt IEE A L
BURENE 1 20 A SRS P L ) L. 1207 Ly [13] CAPPIELLO A, CHABINI I, NAM E K, et al. A statistical model of
iﬂi—ﬂ E‘Jj'ié)kq ‘riﬁ%%'ﬁﬁ?ﬁ%” I'ﬂ iEIQﬁ:, ZlijCﬁifILegendre vehicle emissions and fuel consumption [C] // The IEEE 5th Interna-
ML OSME S A R 2Ty 2251 N > N tional Conference on Intelligent Transportation Systems. Singapore:
N % OREESMLE ki
1?[ E];}/{zﬁl&;qugé Az{zfg «iﬁ;lj*%/zﬁﬁiig IEEE, 2002: 801 — 809.
WK 2P T R /D T 12 m/s
A Z'j: H % E T# L/:"_ )X‘ 3: ) . [14] BENSON D. A Gauss pseudospectral transcription for optimal con-
j(%:?ﬁ() m/s HTJ‘, /;JIE(CS)’fTiﬂiH%Ej‘Jg{Y%§ éﬂzi’i]]& trol [D]. Cambridge, Massachusetts, USA: Massachusetts Institute of
FIUE JEE A T 12 m/s 230 my/s 2 ) B, < - 47 Technology, 2005.
(PnG) ’;;ﬁ H]% iz i;lc H po Xﬂ- FCS E,(J :H’l:i j( % /EE ?}a% j] [15] ELNAGAR G, KAZEMI M A, RAZZAGHI M. The pseudospectral
. N - /’ /‘\ o s N " 5 Legendre method for discretizing optimal control problems [J]. IEEE
1513%. PGS T B INLEE g K ST AE SR i 26 Transactions on Automatic Control, 1995, 40(10): 1793 — 1796.
. = .
EPX?E E& “ IHHHR 7 s Bﬁ%ﬁﬁﬁ%ﬁlﬁz@% /ﬁﬂﬁ]?ﬁ% [16] FAHROO F, ROSS I M. Advances in pseudospectral methods for op-
PnGﬂ:U ]& A"f _'%. Q}S E\_ iﬁ ili‘ H‘]%’%/ﬂﬂ 27\{ J /il-’ H timal control [C] //AIAA Guidance, Navigation and Control Confer-
. D:I: EEEH% e /‘ E}j X . J;jlc r s 1 ence and Exhibit. Honolulu, USA: American Institute of Aeronautics
sl =t ﬁﬁﬂ ?’ﬁz:éﬁ E@i%/p\@@%gﬂixjmﬁ‘ s mﬂﬁﬁgﬁﬁﬁ and Astronautics, 2008: 18 — 21.
PERIR BB TAE 5, AR EZE N T W24 [17) GARG D, PATTERSON M, HAGER W W, et al. A unified frame-
?f?’@%@&ﬁﬁﬂﬂ . Mﬂﬁ}%fﬁ”%g 3 U\& ﬂiﬂ%%{ ﬁ%{{iﬁ% work for the numerical solution of optimal control problems using
—p ’ pseudospectral methods [J]. Automatica, 2010, 46(11): 1843 — 1851.
{DISEYEAT D .
[18] ROSS I M, FAHROO F. Convergence of pseudospectral discretiza-
= References): tions of optimal control problems [C] //The IEEE 40th Conference on
Z %iﬁ( ) Decision and Control. Orlando, Florida, USA: IEEE, 2001, 4: 3175
[1] OLIVER H H, GALLAGHER K S, TIAN D, et al. China’s fuel econ- -3177.
f)my standards for pass#nger vehicles: rationale, policy process, and [19] TREFETHEN L N. Spectral Methods in MATLAB [M]. Philadelphia,
impacts [1]. Energy Policy, 2009, 37(11): 4720 — 4729. USA: Society for Industrial and Applied Mathematics, 2000: 5 — 60.
[2] BARKENBUS J N. Eco-driving: an overlooked climate change ini- . . )
tiative [J]. Energy Policy, 2010, 38(2): 762 — 769. [20] RA.JAMANI R. Vehicle Dynamics and Control [M]. New York, USA:
. . Springer, 2011: 87 — 111.
[3] ROW SJ. Intellidrive: safer, smarter, greener [J]. Public Roads, 2010,
74(1): 18 - 22. [21] FREER. ML EDARFISPLEERR R (3], TP E BASET, 2002,
[4] YONEZAWA M. Energy saving ITS “eco-driving support” estima- 19(1): 9 - 11'_ ] ) S
tion and results [C] /IEEE Forum on Integrated and Sustainable (ZHANG Shigiang. Approach on the fitting optimization index of
Transportation System. Vienna, Austria: IEEE, 2011. curve regression [J]. Chinese Journal of Health Statistics, 2002,
[5] BARIC D, ZOVAK G, PERISA M. Effects of eco-drive education on 1519 -11)
the reduction of fuel consumption and CO5 emissions [J]. PROMET- [22] ERICSON C, WESTERBERG B, EGNELL R. Transient emission
Traffic & Transportation, 2013, 25(3): 265 — 272. predictions with quasi stationary models [J]. SAE Paper, 200501-
[6] KURIYAMA M, YAMAMOTO S, MIYATAKE M. Theoretical study 3852, 2005.
on eco-driving technique for an electric vehicle with dynamic pro- [23] GILL P E, MURRAY W, SAUNDERS M A. SNOPT: An SQP al-

gramming [C] // IEEE International Conference on Electrical Ma-
chines and Systems. Korea: IEEE, 2010: 2026 — 2030.

LI S E, PENG H. Strategies to minimize the fuel consumption of
passenger cars during car-following scenarios [J]. Proceedings of the
Institution of Mechanical Engineers, Part D: Journal of Automobile
Engineering, 2012, 226(3): 419 —429.

GALPIN T. Fuel minimization of a moving vehicle in suburban traf-
fic [D]. Illinois, USA: University of Illinois at Urbana-Champaign,
2012.

NOUVELIERE L, BRACI M, MENHOUR L, et al. Fuel consump-
tion optimization for a city bus[C] //United Kingdom Automatic Con-
trol Council International Conference. Manchester England: Univer-
sity of Manchester, 2008: 1 — 6.

MENSING F, TRIGUI R, BIDEAUX E. Vehicle trajectory optimiza-
tion for application in ECO-driving [C] // Vehicle Power and Propul-
sion Conference (VPPC). Chicago, Illinois, USA: IEEE, 2011: 1 -
6.

(7]

(8l

(91

[10]

gorithm for large-scale constrained optimization [J]. SIAM Review,
2005, 47(1): 99 — 131.

A

B fE (1989-), 59, W0 A, R0 1) idiaaihl, 4
SR BAT A 70T, B-mail: xsbing2008 @foxmail.com;

ZIB (1982-), 55, BROFST 61, R0 1) b B el 5
RE AL 42400 L AR 2 Pk B iR 19 42 0 3l ) 2 1% 4, E-mail: lishbo @mail.
tsinghua.edu.cn;

B B (1962-), B9, B0z, LA IW, AR IR HIR AT
B Bete, VA4 224 1571 il B 50T SR S AT, ST IR iR
BHee A BT NS 07 REANU TR S & M veit, B-mail:

chengbo@tsinghua.edu.cn.



