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AFR Triple-step Control of Gasoline Engine Based on
Air Mass Flow Prediction
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Abstract; Control of the air-fuel ratio (AFR) in gasoline engines is of imminent importance when aiming
at minimizing calibration effort and meeting performance requirements. People have higher demands on
the gasoline engine, which has less exhaust emission, better economic efficiency and favorable engine
power performance. In order to keep the air-fuel ratio close to the stoichiometric value under transient
conditions, AFR precise control was achieved by employing triple-step method which was easily to be
implemented in engineering. The structure of the designed controller consisted of three parts: steady-state
control, feed-forward control concerning the reference variations and error feedback control. When the
desired AFR was a constant, the steady-state control would play a dominant role. And the feed-forward
control would react immediately when the desired AFR was changed on account of the torque requirements
changed. The feedback control would amendment AFR measured by the exhaust gas oxygen (EGO)
sensor which can enhance the close-loop performance and rearranged into a state-dependent PI.
A straightforward design process was provided, and the structure of the designed non-linear controller was
easily achieved, which was comparable to those widely used in current automotive control. Furthermore,
taking the implement delay of the injection into consideration, it can be compensated by feed-forward
control based on predicting the intake manifold pressure. Finally, the simulation results in the
environment of en-DYNA with a reasonable common four-cylinder engine model showed the efficiency of
the proposed method. And the predicted intake manifold pressure was visibly advanced to that without
prediction one in the simulation result.

Key words: engine; air-fuel ratio; triple-step method; mean-value model; air mass flow prediction

Wk H . 2017 -06 —21 (& H#. 2017 -08 — 16

EEWA: BXAARRF=ESTH (61403159) A A #F )T+ =17 FH2= 050 MR35 B (2016431)

TEER AT EMHE(1982—) , &, Bl 8z, 32 g5 000 42 i) A0 % sh AL i WF 5T, E-mail ; wangpingl2@ jlu. edu. cn

EE AR WRAT (1963—) 40, B8 M4/ S0, 32 82 W0 5 6 3 607 o 45 B BF9E , E-mail chenh@ jlu. edu. en



5 113

EPE A BT A U B T B R Sl LS R B =2 AR e M AR 399

5l

A RIMALTE A R B R AT R R R =
REAVR IR T 1R T #E L Ul 2 8 3 0 ) HE B, 25 8% EE XL AR
PR HE R R e Y W R Skl
SRR /Y o P v AN W W R W= i L7
000 I, T 3 L AR 0 Ak Y b,
SECH IR A ARREE b . SRR TS E
PR G S MHHIR G R, K2 M R 58 4 Tl FE
%35 9/ BT R BN SN T RIS E R &
SRR ER, R, R K BB 5T
g hMEEE TR, TR BRI A WEtT T
(A8 Ak, 2 9K LU S0 R B B % R A 2 R L, T
JETE BRI 2SR LU AT — A IR A A6 . 2yl
MLAEFE RS TOLET, |1 T & sh AL A% o i i 2 A2 4k
Xof HE A A AR K T AR A TR A R Y BT PN 7S A L
FLA A KA i B s Y B 1) W8 e e A AR AU T B R
T L R 2R A Oy 1 A 25 MR EUORS B 45 ol i R AR K TR ME

HAl T/ b E R A MAP R0y 7 Aok il =
BRELS . A TOUT , R ShHL2s B4 LL Y 5 o AT LA
1A B MAP FAE by i 45 9 45 & 5 PID 45 i > 52
Bo BEZS TOUT , RITHE T A MAP 19T 3R 4% i 5
W, SR T & B HLE IR i Ak 4 v, MAP A7 16 1%
2% PR AR . SCR[7 - 8 14 M T Tl
22 00 4% PO AR T 4 o), SCBR T 2k L 3R TR
Tt ) 48 RS B ARAE RS T 00T AP A7 A2 B RO I
T AR v S A LA RS B T S B A 2 AT
TR FEATHESE o SCHRLO |2k FHAE Ltk R 2K 2 08 i 4
XTI A 00 By i S AT A T, SCER [ 10 ] R H %A
TR A T A T PRI TS R R R B
PR o AR IR AN I B S 0 PRA T R O R
FEEF RN R T 2 B L R B S
N, SCHRL14 - 15 J48 s TR TY s R/ 2 A
T8 ARG TR T A 35 R AROR TR A i 2 A UL I 9l B B
A T S B A I M B 2 R AR i — A R
TSR I RS B . Sk [ 16 ] H ol B/ —
T 1477 1 PRI kAR R T I B A BB . ST
BROLT ] AR P& e il SR g s il S R L, BB TR
A DR 2K R IR, S BT RS 00T 2SR He R L R
BEF i AR X 42 2, TR B AR5 SE B,

SCHR[ 18142 tH T —Fp o F TR BN =44k
5 R oI E e IR o D3 € RV N = L )|
MLE B2 1, &R A TR b 0L 0 A it B2 45t 19
ity BT AR R S B R .
JE A WK LU S T B I A5 S 15t 26 B S R AR SR Y
PR L =P AR M i ik AR A T R AS L

il

SR BB A A Ak o 53 81, B X il s AT 28 3R
(i 8, 368 Ao 0 S s R I R R AE
Foh 2542 1 o v N B S R AT AP

1 RgEE

RENPLEBR LRG0 T 3 W 5%« B T
T RURLAE AU 1 T R i A% TR . R G A
BN 1R 3R R MR

B 1 RBIHL ARG

Fig.1 System model of engine

LT 20 R BE 3. AW 4. KAEE 5 HERR
6. HERLAE 7952 8. il
L1 ESEETRY

SE R T BRI 09 12 2% M SR A EI
BEARERL. 2T AT % S ]
¥ HE 1K B BU D , I T L 5 1A e 2
SRR B BB 1T, (ke/s) o WA

B 2 SRR D m, (kg/s) o T AS FF U
BN GLR m, (kg/s) TRAR N

m,=m, —m, (1)
MY FEAR S AR 7 p, V., =m, RT, (R N3 M
B, T (K) MV, (m®) S 3B B FR R
XA ST p, (Pa) SR S, A5
RT

po=y G =) (2)

RT
EXCRM ey = W (2) 0T LM

Pn=c(m, —m,) (3)
12 SEHSEFHED
FEX R | g BT A 2 A
Pl 2 R e R B % R R AR Y o AR i OB R ) A
RN, 2 & S LT 0T ARG R 28 AR
wmiE m, W UARRN
nV.
4mRT "¢
X V,—RslHERE, w’
n—— R LR
o— MR RS 1) & S HLEE 3 rad /s

(4)



400 Kok HLOB ¥ R 20174
\ v, = ST A LR L
XRH e = e W@ gy R A
m,=c,p,w (5) iz;%/%ﬁﬁ"rﬁ
L3 il i i,
FE DL W 25 A 2 9828 4 AR fes
bR onh 2 9 hoh| et R AT
— AT LY R T AV AL, 5 — W Pl B
FHAEMECRFIFBE 0 AL 5 18 B 0 e !

SO R T T A S T AR A A T

m,=7,m, +(1-g,)u,

B . (6)
m, = —T,m; +&,u,
S W R B R ke
m,—— AL RO B ke
T, TH RS e B[]
£, ST RN
PG BEEE A B E S, A FoRm N
m
A= (7)
my

PA p,, A, g RGERAE AL u, A EEHIRTA A
o A i L A B PIL B A R A i Dy

m, ¢,p,w

A =—= -
m, m,
. . . . (8)
Pn=c(m, —m,) =¢c,(m, —c,p,o)
T'Y.Lﬁ = - 7'14‘77@r +(1-¢,) iLf- +7,U,

Forp m,, F o SRARSE 15T IT BE AR S BL 67 2 411 4R
111 A2 A 1) 2R GE S0 A 455 AR A0 R s K EE A
il 6 AR A3 R FE RO

2 Z=H L MiEdFiRit

IR = A AR R R G 2 Bk .
Hoo g AT, A sh LR R LR

m
0 YN m, . -
BRI |t B [P h
i e
w
WLt
Pn
L7 N m
ST |
A

K2 =R =Bk AR R R e A R B
Fig.2  Block diagram of AFR control

ST R AL 3 A B B AR A
2B IR R UR 2 R . R T =T
PRI HE I A& 3 P 7 o MR AT AR ST 1 R SRR

B3 BT =Bk B4 i AE 14
Block diagram of triple-step control scheme
2.1 FREIER
H BT R A Pl MRS 2K (8) X s ol 4% 14
il A kK
gy, g, =i
)\:( 0),: 0 ./c.2 oV fe (9)

mg,

WA (3) FK(S) ,m, ATLAZR R N

Fig. 3

m‘ fe

m,=c,co(m, —c,p,0)o+c,p,0  (10)
M2, A WIA] LB A
: 1 . .
A=—lc,c(m, —c,p,0)o +c,p,w] +
m,,
A .
T, A-—[(1 _814,~)uf+7'wu/] (11)
m,,
W (11) s p gy
/'\:Ao()\vmprm)+B()‘”hﬂ.)u (12)
Hrp
. 1 .
AO(/\’mﬁ- ) =—Lle,co(my —c,p,0)o+
my.
e, pa@w] +T,A
B(A,mf) - _.L
m,,
u=(l-g,)u, +7,u,
(13)
A X =0 R ] u, {9 P AT LR
A )\7. -9
- o mff Pn) (14)
B(A7m/c)

2.2 SEAEHRER

RS ML AL 5 5K, 52 PR K B BIL S A L A
SR Je 70 R 2 498 LU RO X SRR ALY, O T RE B8 M
R X 399 B ) 2 P Al B B, 7 A A4 o ) Sl
IMAZ B wyo BB I Y 22 1 A

u=u, +u, (15)
AN = A U ETBREE w7 R
! (16)

N B
7 B()\,mﬁ-)



5 113 EPE A BT A U B T B R Sl LS R B =2 AR e M AR 401

2.3 RERZRES

H1 T AR P A0 A R 25 I A AR R A AR
2 25 Wi A 1 9 AN BB PR IE i s 3k 3 E AR DR,
T B IATR 25 SRR w, o GBS B4R A

w=u, +u,tu, (17)
B A7) RARK(12) 155
A=A, +B(X,m,)u, (18)
FESCHRERIRZE N e = A, - A N iRZE e R T
e=A -\ (19)
e (18) 33
é= _B(A?mfc)ue (20)
FE SCAERERS 5 R RV Ry
1 2 1 2
sze +7k1/\/ (21)
Hrp X = Jedt
K b, ——TFRESH R >0
X AR R B VRS
V=ee +2kpy = —eB(X,m, )u, +key (22)
TR G R B V<0, it u, K
k, k,
(23)

u, = - e + - X
B(A,m,) B(A,m,)
Rop kR Bk, >0
i (14) ((16) ((23) 15 B o5 2 1 1 004 1l
B
w=u, tu,tu, =

Ag(A,m ,p,) 1
- +

. A+
BAm,) B
k k
L L fedz (24)
B(A’mﬁ) B(/\’mﬁ:)

3 HK|EEENTN

TE 2B 1Y R Sz i) 2 48, N & sl Bl s il 48
A 1) BRI 31 S5 B I R Y AT A AE — S B I ) SE
fo AR (8) , B F AL A A i & n] LA
eS|
mﬂz%% (25)
M (25) sha] LU 2, b 8% 35 20 b 3 AUEL Y
PRI RE R REL I 2 i A HEROCR o BUE W
4G A BUIE T 2 SRR 1, O 7 AN Il AR
FOPRAT ZE IR, I 75 50 R AL Y 25 i ik A7 2 2B
I AR (S) , XFFE A AUEL AY HE R B S0 AT
DA 46 by of 16 ASOSCAE T J0 R F0000 o OGS ) 25 AR Ll 4
il R G AL R RN 4 FR o

EGO [T
T
S
w
St |
m,
5 (2l |
u | =g [ UEABU
il o
J)

4 i R SECE TR ) T A 2 498 L 4R ) R s B IR
Fig.4 Block diagram of AFR control with intake

manifold prediction

ASSCHIFFE I 2 DU L S s AL, # 52X(2) A il il e
Fdl N B 180°HEAT B TRAL  SRAE I T o0

r=Ll2m_m (26)
2 w

fEBEE a7 T A A R R my, ML S L
P o TERARM 2 A RAE A AR5 A, kS
W T S Al 2Rk

rh,,,(k)
p.(k+1)=(1=-a,)p, (k) +a, (27)
w(k)
mRT, Vo
o DIy T,

PRI Ay S0 2 A SR SR A ) i OB R T,
L) HH p, (k) p, (B + 1), W p, (k+2)
A LARIR N
m,, (k)
w(k)

(28)

LB THH, 28 a, ca, 23R4 F O
AR, T B I /D AR BRI 2 SR HER
AT H a, a, KFm., FHIL, WIS E T
T T e 3

pm(k+2) =(1 _a2>2pm(k> +(11(2 _az)

po(k+11k) =(1-d,)p, (k) +a m,, (k)

T b w(k)

PGk 218) = (1 =), (k) 4 (2 —ay) e )

m 2 m | ) w (k)
(29)

MR (2) PR (29) 13208 p, (B + 11k) F
Pk +21k) % p,, fFH— By 5 w22 50 2o AT
B

po(k+21k) —p, (k+11k)
7 =

colim, (k+2) = (k+21k) ] (30)

IS (30) , I 10 AT T, W, (K +21k)
AT L



402 & ol HLOM ¥ R

2017 4

m,(k+21k) =m, (k) =25 (k+21k) +
e,
2, (k+11k) (31)
e,

A (25) AN (31), 25 JE i 3% P4 T 4 15 i
i, (k+2) A1 LLFOR
i, (k +216)
A (k)
N T AR AR 2R A R (24) B
u=u, tu;tu, =

Ay ACR) i (8) p, (B)
BOA(k) g (k)

m, (k+2) = (32)

1 w(k) (A, (k) A (k-1)) .
B(X(k) ,m,. (k) g
k, k, -
e(k e(k.
Bk g ()" By g i) 25 <)
(33)

Fmy, (ke +2) A0F my, (k) , 25 583 % AT 4 i
Ay =25 AR ek 4 i
u=u, tu;tu, =
A (ACk) my (k+2),p, (k))
B(ACk) ym, (k+2))

1 w(k)(/\s(k)—)\s(k—l))+
B(A(k) i, (k+2)) m
kO
. e(k) +
B(A(k) ,m,(k+2))
k, ¢
Y e(k) (34)

B(A(k) ,m, (k+2)) £
4 {HEWIE

£ TESIS 23 w] JF A1) enDYNA R U % sh /LA
O B BT B P R R ST O KRR . O BRI AR K
SPLBES LOLT B T =00k B iy 28 K e 4 ol
o B P OR3P T Y ML B A Al L4
o B S IR L AR A Z AT S BT R B S A
FOASOA —fl A B, 25 e gl B s sl 3y RO T BE R
BRSO 1. 055 24 K Sl AL A% 3k sl 1y T IF
BER/INI B A PR L O 0955 Hofth T 00 T W B ==
R 1,
4.1 HSEEEHTM

PEREE S BN A R AP 6 s &l 6wl
VA 2, 23 T e (9 kB TR ) H A 9 R
WA TR 7 A — 2t
4.2 TEEHIEE

ST UL M AR B = v R Y £

1.06
1.04}

2 102}

£

24 0.98}

= 096}
0.94
0.92

510 15 20 25 30 35 40 45 50
st E)/s
B 5 WA BRIl £k

Fig.5 Changing curve of reference AFR

wol AN WA T
— AT

23A5 L 'l L L I I L ¥
14.0 145 15.0 155 16.0 165 17.0 17.5 18.0
[ 8] /s

6 HEABAE i ) I 45 2R

Fig. 6 Prediction of intake manifold pressure

R R TR i o0, 5 SCEk[ 21 ] g == 48 1
BB P 7 B AT X Ee L IR T 2 A R s AL
T,

A R S HLEE A T 00T, B 39 T JT BE 4E
e 30° A R EHLFEHAE 1200 ~2 000 r/min 2 [H]
AR AU A AR ) A A W T R . AR L
BB i 2 i AT A R DA R A i s A
LANE 8 ~ 10 Frn .

2100

2000 —
= 1900 /
‘§ 1800 \
& 1700 / \
#1600 \ ~—
& 1500 ‘ /
= 1400 \ /
R /
& 1300 \
1200 \
H00™57"40 15 20 25 30 35 40 45 50
A a]/s
K7 iz
Fig.7 Changing curve of engine speed
1.06 s
— g
1.04 S :.H;'é%ﬁ‘%”
------ WS
1.02
o=y
£ 10p0———— |
FE N —
0.98
0.96
0.94 -

5 10 15 20 25 30 35 40 45 50
fist i) /s

8 SR b B h £k
Fig.8 Tracking curves of AFR
B8 Rl AR B, =20 57 Sl A AR 2 R
& LU B 3 2 A9 B3 245 1R 25 B/, AT UK 25 MR L 4%
] 7 303 B s AR U BRE Si — S AR 2 AV LY [ I A



5 113 EFE A T U R B A0 A S LS R b = P AR L 4 403

= 6030 — HF AR
o — — LR T

5 10 15 20 25 30 35 40 45 30
it [A]/s
[ AL

Fig.9 Estimation of air mass flow into cylinder

R
W T

5 10 15 20 25 30 35 40 45 50
i il

P10 W5 3l W A g 3t

Fig. 10 Fuel injection
A AR AR a3 R EL RO AR TR B EE N o
4.3 THHIIFE

FEAE RN E LB, ¥ &k ShpLEE o 4 +F

1200 t/min 25, ST EEAE 15° ~30° 2 [a] 25 4k,
WA 11 JrR . 2588 b BR B Bl 28 3 AT i il
2 DL AR i s 5 £R 1] 12 ~ 14 TR

301

250

20 ;
57570 15 20 25 30 35 40 45 50
i s
BT R EEL L
Fig. 11
112 A DA ,2 A4 1 4 0 Rk s A L %
Tl 7 30 B s R L B, E Y 1 AT B S AR I 3 5
SR 1 AR R S S =Rk P AR RE 8
s BA LG 28 30 — AR /N8 R I, PRl el B R A
e T o e 2 S M (UK -4 U E P N & § 7 e 2
R B, T LA R SOR RAF

TR IITEA)

Changing curve of throttle angle

1.08
1% — R
N e = ket
! e WAL
1.00
0.98
0.96
0.94
0.92
0.90
0.88

SR

5 10 15 20 25 30 35 40 45 50
IF (/s

K120 AR ST IT B A5 K b B it ¢
Fig. 12 Tracking curves of AFR

7 0.01521 — (RS R
0 0.0150} R 0 15 A Bkt
= 0.0148
2 0.0146
I8 0.0144}
> 0.0142
2 0.0140(
H 0.0138f
0.0136
=) 0.0134

5 10 15 20 25 30 35 40 45 50
i l/s
B 13 AR IF ARG R A

Fig. 13 Estimation of air mass flow into cylinder

30

29 — [l
o Eeisal
g
= 27
= , e W———— — =
€2
25
24

5 10 15 20 25 30 35 40 45 30
fish i) /s
B 14 AR5 R I M Y

Fig. 14  Fuel injection

5 &%RiE

S SO ST AT RS T 0 B HE SR Xk BEUB A TR
TIAE T 2 AR EN AT BE A CEL 2R R B A A
E2IE G A i 5L U i S B/ QS T L 5
BREZIBEAS TO0 T M2 AL, 56T =40k " 5 W O 14
vt TR R R o AED KV & enDYNA PUGLAK
PR B0k 145 A i BRER VR RE , O 5 0 i
TSR A g A T XL A5 R R BRI
e P A 2508 2 AR B 5 U 2 AT LA/ i ok R
HORGF

2 £ x W

U X, EAURS SR IRAR, 45 ML VR DL B AROR A R & BF R ZOR BT S [T ] AL AL A= 4% ,2000,31 (1) =119 - 122.
LIU Liping, WANG Zhuwei, ZHANG Zhendong, et al. Study on required economy and mession of futrue electronic-controlled

gasoline engines[ J]. Transactions of the Chinese Society for Agricultural Machinery,2000,31(1) :119 — 122. (in Chinese)

2 PAK. Model predictive engine air-ratio control using online sequential extreme learning machine [ J].

Applications, 2016, 27(1): 79 -92.

Neural Computing and

GILLES T. Automotive service: inspection, maintenance, repair [ M]. Cengage Learning, 2012.

4 ZMUDKA Z, POSTRZEDINK S. Inverse aspects of the three-way catalytic converter operation in the spark ignition engine[ J].

Journal of KONES, 2011, 18; 509 -516.

SO OTHUOF BRI ERE S BTl RE A 2SR L R I LR ORI A2 Uk [J/O0L ] RO AL A4 42 ,2014,45(3) 132 - 36,



404 & ol HLOM ¥ R 20174

10

12

13

14

16

17

18

19
20
21

25. http: // www. j-csam. org/jcsam/ch/reader/ view _abstract. aspx? flag = 1&file_no = 20140306 &journal _id = jesam. DOI: 10.
6041/j. issn. 1000-1298.2014. 03. 006.
WAN Liping, JIANG Yankun, GUO Yan, et al. Gasolin engine charge-efficiency measuring based on fuel consumption and AFR
test[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2014 ,45(3) .32 -36,25. (in Chinese)
XSS, BAEE R . AL A B Le i) Fomt [ B R i wE 58 [T]. A 59K, 2008(2) - 11 - 14,
LIU Xiaoliang, WANG Shengchang, LI Maoyue. Study on air fuel ratio control and time delay of gasoline engine[ J]. Highways
and Automotive Applications, 2008(2) ;11 —14. (in Chinese)
WANG S W, YU D L., GOMM J B, et al. Adaptive neural network model based predictive control for air-fuel ratio of SI engines
[J]. Engineering Applications of Artificial Intelligence, 2006, 19(2) : 189 -200.
ERH XV, AT AR RIS S A R T - M R [T]. el BLB 2 iR ,2007,38(10) @1 - 4.
WANG Li, LIU Dexin, LI Wanzhong. Sliding mode-neural network control for transient air-fuel ratio of lean burn gasoline engine
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2007 ,38(10) :1 —4. (in Chinese)
T EREAT. YRAMPLAR R I R /R 2 B S I AT R R el (1], = H Be 5 0 ], 2015,32(4) 1546 - 553.
FENG Yu, JIAO Xiaohong. Transient cylinder air charge estimation with nonlinear Kalman filter for air-fuel ratio control of gasoline
engines[ J]. Control Theory and Applications, 2015,32(4) :546 - 553. (in Chinese)
ALEXANDER S. Application of input estimation techniques to charge estimation and control in automotive engines [ J]. Control
Engineering Practice, 2002, 10(12) . 1371 - 1383.
TEARTE, 2 Ak, BRPH I . YR ALl A R S RO [T ] Aol AL 2% 41 ,2010,41 (11) 26 - 30.
HONG Munan, LI Jianqiu, OUYANG Minggao. Parameters identification of the fuel film model for spark ignition engines[J].
Transactions of the Chinese Society for Agricultural Machinery,2010,41(11) :26 —30. (in Chinese)
KHAJOMTRAIDET C, ITO K. Simple adaptive air-fuel ratio control of a port injection SI engine with a cylinder pressure sensor
[J]. Journal of Control Theory and Applications, 2015, 13(2): 141 - 150.
ZHANG J,SHEN T,XU G,et al. Wall-wetting model based method for air-fuel ratio transient control in gasoline engines with dual
injection system [ J]. International Journal of Automotive Technology, 2013, 14(6) . 867 - 873.
ARSIE I, PIANESE C, RIZZO G, et al. An adaptive estimator of fuel film dynamics in the intake port of a spark ignition engine
[J]. Control Engineering Practice, 2003, 11(3): 303 -309.
ENLAR R BEAS AR LY B DO A R (1], BN 2 BEsA 4R ,2016,38(3) 23 - 29.
WANG Libiao, LI Yuelin. Adaptive fuzzy sliding mode compensation control for engine transient air fuel ratio[ J]. Journal of
Taizhou University, 2016,38(3) :23 —29. (in Chinese)
BAE. RSP A AR SRR D] F 2 5 LR, 2013.
ZHAO Yanan. Air charge estimation under transient mode for SI engines and its experimental verification|[ D ]. Qinhuangdao;
Yanshan University, 2013. (in Chinese)
AR A TCE AR AR S AL P L oLz MR S R RIS [T ] IR K224 B AR B4R ,2010,37(9) : 19 - 23.
SHI Xiangnan, DENG Yuanwang, ZHU Hao. Research on the transient air fuel ratio control of SI engine based on robust control
theory[ J]. Journal of Hunan University ; Natural Sciences, 2010,37(9) :19 —23. (in Chinese)
CHEN Hong, GONG Xun, LIU Qifang, et al. Triple-step method to design non-linear controller for rail pressure of gasoline direct
injection engines| J]. Control Theory and Applications Tet, 2014, 8(11) : 948 - 959.
HENDRICKS E, SORENSON S C. Mean value modelling of spark ignition engines[ C]. SAE Technical Paper,1990.
ELBERT H,VESTERHOLM H. The analysis of mean value SI engine models[ C]. SAE Technical Paper,1992.
JIAO Xiaohong, SHEN Tielong. Lyapunov-design of adaptive air-fuel ratio control for gasoline engines based on mean-value model
[ C] // Control Conference (CCC), 2011 30th Chinese. IEEE, 2011 6146 — 6150.



