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Optimization of Thermodynamic Behavior in a T-GDI Engine with Higher Performance
and Lower Fuel Consumption Based on Multi-objective Control Strategy
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Abstract: The development of a 1.2L three cylinder T-GDI gasoline engine with variable compression
ratio, continuous variable valve lift and two stage turbocharging technologies was the background for this
paper. Firstly, the principle and function of these new technologies (VCR\CVVL\electric supercharger)
were introduced. Secondly the process and method on how to choose the parameters of these new
technologies in the engine development were explained. The control strategies of torque achievement,
knock prevention and exhaust temperature overweight prevention had been studied as well. An effective
method was presented for the load control through the combined use of the throttle, waste-gate, variable
valve lift and E-supercharger. At the same time, the method for the knock prevention through the combined
use of the variable compression ratio with CAS50 had been also presented. In addition the exhaust
temperature control method was introduced as well.

Research shows that one-dimensional simulation technology can provide comprehensive guidance for
the preliminary selection of the technical parameters in the early stage of engine development. And on the
basis of this analysis, the technical scheme to meet the engineering target is obtained through optimization
analysis. The final result shows that the new gasoline engine has the potential to achieve the performance
greater than 110kw/L and the minimum Brake Specific Fuel Consumption less than 210g/kW.h when the
technical scheme was adopted.

Keywords: Gasoline Engine, new technology, variable compression ratio, continuous variable valve
lift, E-booster
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Measurement Results

110%
Q
=
8 105%
100% x__.{ 28
26
24 —
22 2
20 =
18 Bé
A
16 @
14
=
——BSFC 12
——MFB 50% 10
8
6 8 10 12
CR [-]
30 2 =z
g
25 18
W
@
20 14
5 £
2, g
15 10 =
E 8
=
@ 40 6 2
1000 rpm m
1500 rpm E
5 1 2000rpm 2
2500 rpm
0 2
8 16

Compression Ratio [-]

B 10 4 bt LK CASO Xof EE i FE A ik Bk Fe 45
ER BMEP % il 35 I 7 2455 % ISR I IR 3 1. (iR ABRIRSE) AHSRIRME —#F, 7EFIH
KA EAR G R RBL BN, 8 T B8RS AT St CRR BRI A B4 Ty
(RIBR, [R5 26 i KRR IS AT 42 . Q0 11 AR BRI 0 T e IR
EI, EHR S AR FK A, A BIBAE K AEB RIS, R EUA S =
VR TR0 4 L ASRAS B R AR

A !
| verrideO = . :
1 . 2
1 S{TT] eyl 6 1
1 hod _comb_control _  ToPs & yl 8!l
Knock control — | ~override 2 ToPart_cyl sl
(including VCR control) | . lorarccyl_>
I
1 .
| 1
- S
1
0 ﬁ i) 1._;._.: cyl_ |
| . _ . Signal Product0301 MFB_&6mb /gontrol 38 ofarcyl 4 |
. _Geheratorp2o” T et limt0bvertide 1~ e 1
. Topart_cyl 2
Peak Firing Pressure — R
Control

P11 R R i R s 42 1 U 1 BB AE [
2. 2.3 B REREESATH A

B 12 AT 5A, iz sl 2% 32 B i 3w & 0 KNSR HER BRI N
SR BOE R (AT E Y 980° C) B, PID 5884 [ Sh3s hnmt i & k5 H < IR
FEAN L PRAE



2017 4F IDAJ-China F P it S04

injector-5

- Fueling control + exhaust
. TrappingEff- Prodfict-1  temperature control

) Signal Produgt0401
Generator030

_ thermocoupleambda_Ctrl
-1

] 12 HER 3 ) A A [
2. 2. 4 SEREHARERMEIE AT NE

HH T GT-Power #fF b= HLEE [ AL Il B B & 2 30 Woschni AEFVEIAY, HA RV |
b SO IR AR AR A . RIS AT AR R 48 L R S LR U 75 B S T8 1E . B 13
AT H AR AR RS TR R AR AE ], A 2 B SR AN [F) 1 4 LA ZE A
X R BHLAIT A T %) B (1) SR T A 3 R BUIEAT I IE . B IE S HE R ARG & 1t
TR 45 B S5 TS 2 .

- - Wall heat transfer model
. 192 . correction

1 2 = L IIDI% _ﬁ HI 7 :
64 Gain-2 FromPart_cyl
1 1 19
SR8
_comb_gontrol 5_3 . Gain-3. 42  ToPart _cyl_1
_overfide_6
. 1 2 Z L U 17 :
RLTSengor08 65 Gain-4 FromPart_cyl
1 1 19
- - iE ll{>|_4?_)@ .
_comb_fontrol = 54 ~ Gain-5. = I2  ToPart_cyl_
_overfide_ 7 11
. 2 Z L X U 17 .
—1 66 Gain-6 FromPart_cyl
1 1 19
)58
_comb_control 55 = Gain-7_ = 36  ToPart_cyl_
_override_8 12

B 13 A AR R A 1 A 1 AR AT ]
2.2.5 BREERFEIB LR N A

FEAT T HP B, SR GT-power " i BT BRI AR, 25 18 2 HOR B9 R FH 2 45
RIS HCTREE, PRI RR 20 2 I H A0 R Bh AR S 4 (T CASO FE AT MR s b &
AT T oA 58, KB EERIBRPESED T IE. REFAE KSR, A
WILHE T K45 BRI R MFB50 BLA VVA CMEREL A BRI S s 2 1,
BIE AR TE 14 F iR (KRBEIEARA F(D10-90)=F (initial map)*f (CR)*f (resid)*f



2017 4F IDAJ-China F P it S04
(CAB0) *f (VVL) ). BEARMIME IEFm 2B FE 15 & 18 XN Fn, WRAI, HaES 25
X BRI HF 252 A 1R 2 1) e K o

2 LI

>
Moving o
© AverageO1 . .
1 oP yl_9
Moving Lookup_CD_ d oFdgtcyl 3
© Average02 'basgof T o S :
L = i . ToPart_cyl_7
. 3 ;EE J_EI i
S - Moving - CR.CD_Corrot ~ Limteroy  Combustion duration
veragel -
RLTSemdoro3 oo - correction
1
Moving res_gas_CD_
© Average04 ~ Corr01" T
o _ Prodhctpo01
1
——E——E—
LI°. Moving  mFB_50 CD_ °
A4k AverageO5 Corr01

1
=
Sum02,  Moving . Cam_length_ |

AverageO8 CD_corrO1

4

Bl 14 JRBERFSIME 1L T T A &

3.0
14
12 25 g
12 8
5 Q
% & 20
81 5
= =
£ g
10 515
g 8
800
10
08
0.7 05
4 [ ] 10 12 14 16 18 20 0o 01 02 03 04 05

Compression Ratio Residual Gas Content

B 15 4 B BB RS UIAE 11 2R 5L B 16 FR PR U AR BEF S0 2 1 AR EL

1.1 115~

0.8

correction factor
correction factor
&

08 1.00

07

095
0 8 16 24 32 40 80 100 120 140 160 180 200 220
Combustion Timing Intake Cam Length

K] 17 CA50 X RiR e RF S HHIE IE R AL K 18 VVA XA e RR SR IE R AL

3 EEEATREFESHMM
3.1 EHEFRKIARE (CVWL) HARFTRMIERFERSHMRA B

WA 3RAG CVVL HURIAE A R ITHRE IR X R A 2, DA R SINLEE. “ &5 7 k<
& BN CVVL BV R A% o N 2 o ASTIUH A, S WG H AT Lo B2 RS SR AL CVVL
RILRHEAT TR, FEORIESIAIVERERIATIR N, 875 CVVL BULRAEREMAE T I 11, 28
JEFFRERL . £ GT-power HfFrf, CVVL UL DR AL R AT RN, Sl gt i
PERA BRI A R 2R AR A N s e, R SR TSRO R A R 7 B sk AT E E
SEUASRAG HABA B ) M EE R A, SRS B HE T DA AR KR AL Sl R B 19 Pl



2017 4F IDAJ-China F 6 SC4E

-
=

Wl ot
ang:

=
a

R Range
T 8 - -
E s NG A
T g 4 ‘\ ™ ‘\‘\‘\
g / \ \ AV/INAA
3 . ani 11 JETARAS M AN
g, / AR NS
N AN Al NELNH AVRIDRIYA B
© 2 £ \'R L AN \
/ 7 N VA ange N
1 7 N ‘—.\_‘\ Y N
° X

80 100 120 140 160180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660
Crank Angle [deg]

B 19 HHER R AR R B
3.2 WARELELL (VCR) ARG REIEFERSHMA KA

AHISC AT, %I B 2 — Mo R e Sl AR R i UL, (R RS g
SR RIBR A, e LUK v ot — @ 1, R REAE A PR AV A HEATIE ST . O T
FEIRAE LI R STV ], R B LR R AR AN B I PERE M 5 ZEREAT LA B . Hrp N I
245 LU PRt 8 26 3 7k RERF A R AR HHAE H AR IRIE B RO o B 8 e 6 L IR ER 4 T 5 Y L )
ANTF) T8 AR e 4 EEAR U R AR 4 L M A AR 1) SR 7 BMEP DL K% 43 R 2 i A8 R A 51 Rl P
RS . ARITH FRAT0 IR s 46 LU BE A7 s S R i AP 1 DL R 1 20 iR

[[] Compression Ratio ‘
Min CR

Max CR

________
,,,,,,

BMEP [barl

I Min CR

B 20 FRAHEOHE 5 AR L 5
3.3 MZUEE (Azh+RH) BRI RKNEERSHMM A

Bl 21 AL SRR 0 sl AR ULBC s R B . HIE 21 F s ml A, ALTH F1 £ 2000rpm
DL % 3 P L Zh 386 e 284740 T TAEARAS, 2000rpm K BA b3 Bl 4 HeSh 384 e 88 R TAE, i 584
R EC I R AR CVVL SRS 3 JitERe . Fshig 2 E Xt sl At ae b e B, HAE RS
2 TOU NI T oA tE ol an N & 22 s .



2017 4F IDAJ-China F 6 SC4E

| [kW] e-SuperCharger Electric Power - Steady State Operation |

B
o-Booster Speed (krpm)

e-Booster ( 2kw)

e-Booster Isentropic Efficiency (%)
T

[ 1 &
! i

@

8

Ratio (1) []
BMEP (bar]

Comp. Pressure Rati

o= |
=

0 100 200 00 400 500 600

e-Booster Corr. Mass Flow [kgh]

Elotric Powar [kWI

lnlﬂ

0 00 2000 3000 40K 5000 6000 7000
Engine Speed (RPM]

Speed [RPM)

B 21 KAHLrEEh IR S ILICTH A R [ 22 B RS/ R B4 T s AT 204 K

Kl 23 JyimAe s IS 2R VL ECAE R I ol B ITos Al R, 2l BE 1 I 25 28 P IR 2 AT £ 1
A—ERE, I HILRBREARGIE DB, a5 SRR R A ZOR

=
£
2.0 g
£
=
2]
15 B
o
3
g z
g 1w 2
35 y / H
- o
= 05 =
g 3
= x
= f o
4 | ‘ : : ‘ : ‘ o000 £
@ 51 | 1.0 1.5 2.0 25 3.0 3.5 4.0 'g
E i TC_Tu_exp[] -
i
£ i | 80
- 4 :
o e =
¢ | A -
s /. ey 2 60 2
E AP _r/ £
(5] = = e 50 ©
i Ve 5
by s v iEag - 0 o
b e A-ur ) 2
s 70 ¢ n £
w €
L] e 2 20 2
| o1 a -
1 3]
A 50 £ 10
[ 100 200 300 400 500 600 700 80O :},1‘0 1.5 2.0 25 3.0 3.5 4.0
Compressor Corrected Mass Flow [kg/h] Turbine Expansion Ratio (t/s) [-]

23 REHLIRIE IR ILREA AL v 445 A 4R
4 BT R B LA
24 J97E LA GIIUBTRINAERY |, el RAL TSR A BIR R DUMHEPERENT R (h1fE

TR AT S, ARAE G R EIALR A EHLAE . Tha DA Eh i FE A AR REE T & AR EDR (3]
FIPERE T T ThZRIA RN Z) 11TKW/ Ly FHASE L F]Z) 231N m/L)



2017 4E IDAJ-China Fl /i 504

140
E 73 v ry 30 |
g
=
g / Nt
) T~ =
* £
z
/ 2t
y ale
====  Target Performance g e
/ —— Recomended Spec |- m s
:
5230 -J--- LTI LT
£ ot Yo
) B,
T
0 1000 2000 3000 4000 5000 6000 7000

Engine Speed [rpm]

B 24 RENBUIMRESI 2 Gk TS 45 R A

K 25 NitEARIR A shHUBE S N ESE R . P FTR A&, 7E 1500rpm (R HIAE S
45D Ab, XKL BMEP M 1bar NEE] 90%m KHHFE R B 75 ZL AR 12978 1. 2S £, BESim
BT TRV I 2S00 o7 P A 34 I I

7 90% Max Torque

BMEP [bar]
L1

| /
o"'."“."(l.

' ! ! ! ' ! o
04 -0.2 0.0 0.2 04 06 08 10 1.2 14 16
Time [s]

K 25 R EnHLBEES IR T 45 R A

K 26 JyscJa LAt Ja 15 2 BN RS REPELL IS map B BB AT, SR
ARG, B KPR T DRI RRCT, SR 2 n] LIA 2
210g/KW. h, TR 04 SRR A% (14 il FEATHE B R Wi — P ARAT ¥ 7 A Mt



2017 4F IDAJ-China F P it S04

' [g/kW-h] Brake Specific Fuel Consumption

BMEP [bar]

Speed [RPM]

Kl 26 A AIHLT A RE LL I FE T 45 R 4

5 &t

1) BRI, VCR. CVVL. EGR PAfSGLAEHTHE A M 9 2 I ek AT 22 5 M AN HE s 1) RO %
AAETE, Fodr VCRHCVVL H4H & 78 B FE RN HE RO TH (1098 )15t

20 JSLFH O BB AR RS v 1 R ARG T FE 3 T LRV I AL I R e RIS B FE AT T
BT, JEE ST T 2 HbRBCG IR G 0 SRR 75 . AL R e, R (WU &
+VCR+CVVL 58) AR A GG, BRI IS G T — AN EF i KT, FHoh%
A LR FN 29 110kW/L, R AR by FE AR 2] 210g/kW. h (13877

3) EFXF BMEP. #35E LARHHR S MREM Z B8 R%, 74 0N@A T —Fa Rl sk, it
X VCR B AR FEIAE AT R 7 T S IEHAT TIRAREFL, i THRE IE AR S 4L

4) AR SIHLH AL TFAH S R I HE A I B, 5 827 5 05 ey iR At R AR B8 36 E 1 L
E— P R X PR B R B P RE .

273

[1] Wolfgang, S., Sorger, H., Loesch, S., Unzeitig, W. et al., "The 2-Step VCR Conrod System - Modular System
for High Efficiency and Reduced CO2," SAE Technical Paper 2017-01-0634, 2017, doi:10.4271/2017-01-0634.

[2] Asthana, S., Bansal, S., Jaggi, S., and Kumar, N., "A Comparative Study of Recent Advancements in the Field
of Variable Compression Ratio Engine Technology," SAE Technical Paper 2016-01-0669, 2016,
doi:10.4271/2016-01-0669.

[3] Ferrey, P., Miche, Y., Constensou, C., and Collee, V., "Potential of a Variable Compression Ratio Gasoline SI
Engine with Very High Expansion Ratio and Variable Valve Actuation," SAE Int. J. Engines 7(1):468-487, 2014,
doi:10.4271/2014-01-1201.

[4] Constensou, C. and Collee, V., "VCR-VVA-High Expansion Ratio, a Very Effective Way to Miller-Atkinson
Cycle," SAE Technical Paper 2016-01-0681, 2016, doi:10.4271/2016-01-0681.



2017 4F IDAJ-China F F it S04

[5] haudhari, A., Kulkarni, V., and Sahoo, N., "Effect of Variable Compression Ratio and Intake Charge Dilution on
Fuel Efficiency and Emission for a Spark Ignition Engine," SAE Technical Paper 2015-01-0772, 2015,
doi:10.4271/2015-01-0772.

[6] Malkhede, D., Jadhav, S., and Dhotre, A., "Kinematic Analysis of Continuous Variable Valve Lift Mechanism for
SI Engine," SAE Technical Paper 2017-26-0033, 2017, doi:10.4271/2017-26-0033.

[7] Jain, A., Tikar, S., Ramdasi, S., Thipse, S. et al., "Design and Development of Variable Valve Actuation (VVA)
Mechanism Concept for Multi-Cylinder Engine," SAE Technical Paper 2015-26-0021, 2015,
doi:10.4271/2015-26-0021.

[8] De Simio, L., Gambino, M., lannaccone, S., Borrelli, L. et al., "Experimental Analysis of a Natural Gas Fueled
Engine and 1-D Simulation of VVT and VVA Strategies," SAE Technical Paper 2013-24-0111, 2013,
doi:10.4271/2013-24-0111.

[9] Bernard L, Ferrari A, Rinolfi R, et al. Fuel economylmprovement potential of uniair throttleless
technology[C]// ATA International Conference on Spark Ignition Engine: The CO 2 Challenge. Venezia,

Italy, 2002.

[10] Vitek, O. and Macek, J., "Thermodynamic Potential of Electrical Turbocharging for the Case of Small Passenger

Car ICE under Steady Operation," SAE Technical Paper 2017-01-0526, 2017, doi:10.4271/2017-01-0526.



