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General information — Friction Level
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Atkinson NA 22b 2.5 - 4 14 PFI No Yes No
VVL Miller VTG c. EGR 23b 2.0 TC 4 12 DI Yes Yes Yes
VVT Miller eCharger c. EGR 24 2.0 TC + eCharger 4 12 DI Yes Yes No
Var. Cyl. Deact. c. EGR 25a 2.0 TC 4/ 10.5 DI Yes Yes No
VCR c. EGR 26a 2.0 TC 4| 9/12 DI Yes Yes No
Level 1 Level 2 Level 3
Low friction Medium friction High friction
22b 23b,24,25a,26a
e o mp <0.5 bar 0.5-0.7 bar > 0.7 bar
2000rpm/6bar

On NA engines the impact of DI compared to PFl is quite small but to be fair it should be

at least conside

Idle fuel consumptionin vehicle configuration (w/ alternator operation)

red at idle speed.
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General information — VVT part load

IExample EVC, IVO var. of 70°CA| Part load

Depiction shows possible

1000 — E operating range of one engine
_ 25, SVCor C |27 with one pair of valve lift curves
é 900 - - NG
c Aim is to combine low pumping
S 800 losses with high internal EGR rates
S : . ,
= with one pair of valve lift curves
©
£ |
a 700

: Left of optimum iEGR too low, right of
BSFC /kKWh ’
00— v .| SalALE AN optimum PMEP too high
10 12 14 16 18 20 22 24 26 28 30

iIEGR in %

Border of pressure difference that is necessary to
provide a certain amount of iEGR to the engine

Border of intake pressure that is necessary to EIVC = Early Intake Valve Closing
maintain the load with a certain amount of iEGR LIVC = Late Intake Valve Closing

© AV - 02/2018 - LBo - TM-A2 @ Berlin 6
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General information — Miller / Atkinson

Q Best Miller at quite low iIEGR but highly dethrottled (low PMEP)

Q Best Atkinson at high iIEGR but lower manifold pressure

p manifold in mbar

Miller operation range is shifted to
lower iEGR rates but higher
manifold pressure

Q Part load

This shifting is caused by much
earlier IVC which results in higher
manifold pressure but reduces
the potential of IEGR at max.
> possible overlap

IEGR in %

COV behavior coming from low charge motion (Miller) and high iEGR rates (Atkinson)
estimated by empirical data

© AV - 02/2018 - LBo - TM-A2 @ Berlin 7
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Atkinson NA | 22b| 2.5| N a 14 PRIl No| Yes| Nc
VVL Miller VTG c. EGR 23b 2.0 TC 4 12 DI Yes| VYes| VYes
VVT Miller eCharger c. EGR 24 2.0 TC + eCharger 4 12 DI Yes Yes No
Var. Cyl. Deact. c. EGR 25a 2.0 TC 4] 10.5 DI Yes Yes No
VCR c. EGR 26a 2.0 TC 4] 9/12 DI Yes Yes No
Example map from previous project (Engine 1) (simple n.a. engine)
127] 263 285 296 314
11 332
] 284 305 339
10 $ 1
9 — .
8 ; 2{55 2?6 2?2 252 2-52 26.31 2§4 3_29
E 7 ; 2(;34 257 2?5 256 2-57
a
s 67
m
5 —
4+
3 —
2 —
1 —
0 ) -47987 -107188 -65279 -45473 -31706 -112979
| | I | I | I I I
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
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Atkinson NA | 22b| 2.5 - a4 14 Pl No| Yes] Ne
VVL Miller VTG c. EGR 23b 2.0 TC 4 12 DI Yes| —fes|  Yes
VVT Miller eCharger c. EGR 24 2.0 TC + eCharger 4 12 DI /Yes No
Var. Cyl. Deact. c. EGR 25a 2.0 TC VVT intake & exhaust side No
VCR c. EGR 26a 2.0 TC : r r r d No
Example map from previous project (Engine 1) (simple n.a. engine)
12 ] 263 ok 296 314
114 1 332
| 284 305 339
10 $ 1
9 :
8 ; 2§5 2?6 2?2 2?2 2-52 261 284 3?9
8 7 246 g2 == 256 High CR helps to improve
% 6] 2 g4 200 202 BSFC but forces knocking
I at higher loads
4 —
3 — .
| “‘ 445
2 — s,
1 —
0 ) -47987 -107188 -65279 -45473 -31706 -112979 -70!
I | [ | I | [ I [
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
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Effects of higher CR

Example: advantage BSFC of CR12 to CR10.5in %

26
24 0,8
k=14
22-]
—1 k=13
20 0,6 o e
18- ’()-()'
L 16 L 04 i
3 ' 7
‘c 14 = 7 Overall increase of thermal
o Highest advantage in high = /4 efficiency
= power region but not 0,2 [~
St el reachable due to knocking
pr— N 0

At low power region small
advantage of CR increase due
to higher wall heat losses
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Engine speed in rpm
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<. i
i ] — e 1 - .
_ R necessary 2550/ 1 Base valve timing & CAS50}/ variation of compression ratio
& 19 ) e O ———————) ) feooo bl e e
2 & i
£18 250.0 1
1 ; 1
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> ¢ N s e e T T T S - B e e e
16 ; ; BSIS F [ES ] i . 7. NS s, o NN, USROS PN
60 40 20 0 -20 -40 -60 2400 1 ] 1
IVC [°CA before BDC] 1000 1100 1200 1300 1400 1500 1600 1700  18.00
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Map prediction — Engine 22b

Atkinson NA

] BSFC in g/kWh

272.0 275.2 227.2 233.0 238.8 244.7 293.8

BMEP in bar
©
|

l l I I l f l I l l I
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Engine Speed in rpm
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Methodology — Engine 22b

o Data with slightly smaller displacement available
o COV <= 3% (Cycle of variation)

o Spark Knock KISy max = 2% (description next slide)

o GT-Power used to update model o Validation with benchmark data
to compensate for effect of
adapted displacement

© AV - 02/2018 - LBo - TM-A2 @ Berlin 13
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Methodology — Engine 22b

Spark knock limit determination

Pressure
(time domain)
/N‘\ PS

Empirical estimation Test bench input
engine speed cycles = 100 % of 100 PS =2
PS[bar] < 1000 [bar] PS,.. = 2% ug? cycles

Example 2000rom

Knocking occurs:

PS <2 bar 2% of 100 if PS>= 2bar in 2/100 cylces

cycles =100 PS.. =2% PS5, =2/100= KISy max

© 1AV - 02/2018 - LBo - TM-A2 @ Berlin




Map prediction — Engine 22b
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BMEP in bar

Atkinson NA

icll

226.4

—

BSFC in g/kWh

Expected full load curve with 97RON E10 fuel
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—
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Atkinson NA . Yes No
VVL Miller VTG c. EGR | 23 2.0| 7| a1 DIl Yes|  ves| ves
VVT Miller eCharger c. EGR 24 2.0 TC + eCharger 4 12 DI Yes Yes No
Var. Cyl. Deact. c. EGR 25a 2.0 TC 4/ 10.5 DI Yes Yes No
VCR c. EGR 26a 2.0 TC 4] 9/12 DI Yes Yes No
Example map from previous project (Engine 12) (simple boosted engine)
187 290 236 230 231 233 236 240 250 258 317
i 236 232 233 238 249 281
16
] / o
242 237 234 235
14 26/{
i 290 252 240 237 238 243 253 276
— 12
@ b
= 260 249 243 242 243
a 10
LLI 4
E 266 254 249 249 250 258 270 289
8 —
i 279
6
| 3¢5 307
4 330
i 381
2 | 529
0 24p1 0410 431940
e ;
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

Engine speed [rpm]
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Overview

Atkinson NA 22b 2.5 - 4 14 PFI No Yes No

VVL Miller VTG c. EGR | 23b| 2.0] 1| 4 12 DIl vYes| Yes| Yes

VVT Miller eCharger c. EGR 24 20  TC+eC ' : . Ly Ye

Var. Cyl. Deact. c. EGR 25a 2.0 Low pressure EGR 2 step VVL
VCR c. EGR 26a 2.0 1C] 4] 9/121 DI o

VVT intake & exhaust side

Example map from previous project (Engine 12) (simple boosted engine)

i 290 236 230 231 233 236 240 250 258 317
18
i 236 232 233 238 249 281
16 /
| 9
242 237 235 .
14 2 2 2 | VGT helps to increase EGR rates
i D
12 290 252 240 237 238 ] 243 ] 253 \ 275
g s o ot oo tm\ Knock mitigation in boosted engine
o, 10 region with c. ext. EGR
= g | 266 254 249 249 250 -~ ‘ - ‘ -~
5 | 279 2 c. ext. EGR helps to reduce wall
] o N heat losses in region 6-10bar BMEP
] 330 4 EEE———
2 Y VVL for optimal pumping losses
0. 241

2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Engine speed [rpm]

1
500 1000 1500
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VVL vs. VVT — Test bench data
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brake torgue in Nm
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Potential of full variable valve lift

VVL vs. Throttle actuation

relative difference of BSFC in %

T T —
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/ T 1
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compared to VVT
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brake torgue in Nm

VVL vs. Throttle actuation
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Lift >= 5mm
Width >= 120°CA

Potential of 2 step variable valve lift

compared to VVT



VVL 2-step estimation

300

250

brake torque in Nm
- - ~
s g 8

g

relative difference of BSFC in % 300 relative difference of BSFC in % 1000 N
T e 3 |
250 . %0 VC o L (C 2788
8 900+ N
E o
w/o knock mitigation g 200 w/o knock mitigation €
utilization c utilization T 500
s 3
g 150 k=
N ) f —L g
N % 100 / a 7007
/'\zﬁ./— LI Gift>= 5mm
T \ N, Width >= 120°CA 600
: 50 10 12 14 16 18 20 22 24 26 28 30
] Not reachable L
—s5 \"' T~ | with 2 step E, \ T~ iEGR in %
01000 2000 3000 4000 5000 6000 © 16602000 3000 4000 5600 6000
engine speed in rpm engine speed in rpm
Potential of full variable valve lift Potential of 2 step variable valve lift
compared to VVT compared to VVT
9.0 Valve Lift
8.0F |—Intake valve lift 1
— Intake valve lift 2
701
6.0
T 50
£
€ 40
—
3.0
201
1.01
0.0 . : L
-180.0 COMPRESSION 0.0 POWER 180.0 EXHAUST 360.0 INTAKE 540.0
BDC TDCF BDC TDC BDC
Crank Angle [deg]
© IAV - 02/2018 - LBo - TM-A2 @ Berlin

VVL vs. Throttle actuation

VWL vs. Throttle actuation
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[Example EVC, IVO var. of 70°CA|

3&0‘0 e

BSFC in g/lkWh
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Potential of c. ext. EGR

+ wall heat losses

+ wall heat losses . . . .
: . . . + isentropic exponent in expansion phase
+ isentropic exponent in expansion phase o
: + anchor angle (knock mitigation)
- burn duration

- burn duration

22.00

20.00 -

o, AR
. ‘- Potential to add c. ext. EGR

16.00 .
S’y e | A

T 0, A T e

A --------

g 12Eg 1 _—y
jgz — A or . oxt COR

2 00 ..
- I

0.00
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Engine Speed [RPM]
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Potential of Cooled external EGR

» Typical border for percentage of cooled external EGR is shown in figure below
« Max target of 25% cEGR is constrained by:

« COV of IMEP limits <2.5%

» Misfire / borderline combustion stability

 Boost limitations due to increased mass flow

Turbocharger
Mass flow limited

| BSFCingkWh |

BMEP

257.1

258.5

267.9

Combustion
stability
limited

e 6bar
6000

RPM

© AV - 02/2018 - LBo - TM-A2 @ Berlin 22
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Potential of c. ext. EGR — Test bench ex.

q . Engine 2:
Single Cylinder 3500 /20 £11 HT
. \ ——<—3500/19 ¢11 HT
IMEP in bar — < 3500/17 11 HT
10 ——¢—1500/20 11 HT 8

Engine 3:
eot---=2000 / 14 £10.5 HT 6
<e-e4----2000/ 2.8 £10.5 HT [

el Engine 1: F
Tt 1500/20 €10.5LT 4
2000/2.8€10.5LT -

SAin °CA aTDC
COV e in %

Increase of i
Burn Duration _aF 35

ISFC in g/kWh

CA10-90 in °CA

~
Cooled EGR acts as
a knock mitigation

~ 800
750
700
- 650
- 600
- 550
- 500
- 450

—400
35

CA50 in °CA
Texn in °C

cooled eEGR in % cooled eEGR in %
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Map prediction — Engine 23b

BMEP in bar
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VVL Miller VTG c. EGR

IC

12+

10+

241.7 238.4 246.2
2393
2447 1
2411 231.8 232.0 230.3
227.5 225.6 218.8 225.7
219.9 219.9 219.2 223.1
2171 218.9 219.7 226.9 224.7
224.5 222.9 225.6 232.2 231.5
233.7 234.8 229.9 234.1 238.8 239.2

BSFC in g/kWh

© AV - 02/2018 - LBo - TM-A2 @ Berlin
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Methodology — Engine 23b

o Data of engine available but w/o cooled EGR
o COV <= 3% (Cycle of variation)
o Spark Knock KISy nax = 2% (description slide 11)

o Data of different engines with EGR available

FR* Tools

o Effect of c. ext. EGR on o Validation with benchmark data
BSFC on specific engine
(Based on test bench data)

© AV - 02/2018 - LBo - TM-A2 @ Berlin
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Atkinson NA 22b 2.5 - 4 14 PFI No Yes No
VVL Miller VTG c. EGR 23b 2.0 TC 4 12 DI Yes|  Yes| Yes
VVT Miller eCharger c. EGR | 24] 20l  TC+eCharger] 4 12 DIl ves| ves| Nc
Var. Cyl. Deact. c. EGR 253 2.0 TC 4| 105 DI Yes| Yes| No
VCR c. EGR 26a 2.0 TC 4] 9/12 DI Yes Yes No
Map from Engine 23b
] S o BSFC in g/kWh
20 j;j éﬁﬁﬁﬁ%%ﬁffff?ff i AT 238.4 246.2 ‘ g
] oz, 3
181 23_2.9
] Overboost function possible
2279 232.4
167 ) . .
14 ; 21.949 21?.9 21.92 22.3.1
. 1z Slightly higher exhaust temperature
@© - 236.8 2171 219.7 226.9
o127 2% 1 1 : 1 allowed (Lambda > 1)
& 2685 228.9 2245 2229 G e T e e
E 107 ) . . . [} ) ° °
m
gl 2483 2337 2348 2299 Less c. ext. EGR dueto WG TC 2679
6 ; 25?.8 23.9.1 24.5.8 24.2.7 440 2438 2523 256.3 266.0 2743 28.5.8
1 26.8.8 25_0.9 25_5.5
4- 27.9.4 26.7.3
1 300.3
35
2, S S
1 53|
0
1 dOO 1 5‘00 20‘00 25‘00 30‘00 35‘00 40‘00 45‘00 50‘00 55‘00 60‘00 6500
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Transient response eBooster

Mole Fraction [%] EBMEF [bar]

IWC (1.0mm]) [*Crk]

advantage

—Base
—eBooster
—VGT
4 ]
oo
-1 ] 1 2 3 4 ]
Time [3]
00 [V _1mm
570
540
510
480
-1 0 1 2 3 4 ]
Time [3]

© AV - 02/2018 - LBo - TM-A2 @ Berlin

Pressure[har]

CASD [ceg)

volumetric EfF. [fraction]

[ ]
[ B

o o = = M
[ O o | Y s N o I |

= —= K k1
thh O @ O M O

o o o o o = = =
o o D W O — R

Inkian

-1 0 1 2 3
Time [3]

CAS0 (Cy13)

-1 i 1 2 3
Time [3]

-1 0 1 2 3
Time [5]
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Transient response eBooster

Values eCharger

Max. Power: 3.0kW Max. Torque: 0.53Nm
Voltage: 12V Current: 350A

20000 Average Speed

60000
= 50000
=

o
e 40000 |
30000 T Average speed

compressor
wheel

Speed

20000
10000

0
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Time [s]

045 Average Torque

040
0.35
0.30
0.25
0.20 — Average torque
0.15 compressor
0.10 wheel

0.05

0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Time [s]

Torque [N-m]
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Transient response eBooster

Values eCharger

Max. Power: 3.0kW Max. Torque: 0.53Nm
Voltage: 12V Current: 350A

Speed

70000
60000
50000
40000 | E———
30000 peed o
echarger shaft
20000
10000

Speed [RPM]

0
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Time [s]

055 Torque

0.50
045
040
0.35 )

0.30 Torque echarger

0.25 motor
0.20

0.15
0.10
0.05
0.00

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00

Time [s]

Torque [N-m]
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Transient response eBooster

Values eCharger

Max. Power: 3.0kW Max. Torque: 0.53Nm
Voltage: 12V Current: 350A

Efficiency Map E-Charger (only E-machine)

3

2 iy
il 075 /// 0.82/
o5l o.7s //7 .
] @

0.85

045
04

035

torque in Nm
o
w

0.25 Wil

0.2 ff

0.1

1 2 3 4 5 6 7 8
speed of rotation in rpm x10%
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5500rpm/15bar

Comparison VGT and WG
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Atkinson NA 22b 2.5 - 4 14 PFI No Yes No
VVL Miller VTG c. EGR 23b 2.0 TC 4 12 DI Yes Yes Yes
VVT Miller eCharger c. EGR 24 2.0 TC + eCharger 4 12 DI Yes Yes No
Var. Cvl. Deact. c. EGR 25a 2.0 TC 41 10.5 DI Yes Yes No
VCRc. EGR I 26al 2.0l Tcl 4l 912 DIl vesl vesl Nc

o Example from Infinity VC-T Engine

Engine torque [Nm]

23.9bar
Low comp., €=8
l 8
11

I14

Compression

Mid comp., €=11

ratio [g]

1200 1600 2000 2400 2800 3200 3600 4000 4400 4800 5200 5600 6000

Engine speed [rpm]

© AV - 02/2018 - LBo - TM-A2 @ Berlin
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VCR 2-step characteristic map

—CR12 — CR12
A
o CR9 o i CRO
2 z 1
S Q 3
I '
BMEP BMEP
A

Very efficient with a adapted
cooling concept

\ J/

(" No low cooling concept needed as b
in fixed low CR to reduce losses
at part load )

BMEP

Low CR9
14.0bar

e e —— -
~

([ No high cooling concept needed b
as in fixed high CR to reduce

High CR 12  knocking at mid and high load

-

Engine speed

© AV - 02/2018 - LBo - TM-A2 @ Berlin



Map prediction — Engine 26a
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BMEP in bar

VCRc. EGR 2.0 TC 4| 9/12 DI Yes Yes No

IC

357.0 306.9 2743 2813 2553 265.5 BSFC in g/kWh

255.6 257.6 2419
2405 239.1 2313
2295 2274 2257
2222 214.4 2212
216.6 215.9 2198 2252 2282 2286 237.8 265.5
216.7 2175 224.6 2214 229.7 235.1 239.5 2507

267.1 226.6 2223 2207 2234 229.8 2202 234.7 238.2 246.0 255.9

2482 233.6 2348 229.9 231.8 2364 236.8 2403 2488 256.7 265.2

255.3 241.4 2482 245.1 244.0 2488 257.3 256.2 266.8 2743 283.0

I I I I I
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Engine Speed in rpm
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Map prediction — Engine 26a

BMEP in bar
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VCRc. EGR 26a 2.0 TC 4| 9/12 DI Yes Yes No
26
A BSFC in g/kWh
24 —
22- CR12
20
18
i 232.0 228.9 220.8 227.8
16
14 i 216.6 215.9 219.8 232.0 235.0 235 273.4
12 i 216.7 2175 224.6 221.4 229.7 235.1 239.5 250.7
10 1 2671 226.6 2223 220.7 223.4 229.8 229.2 2347 238.2 246.0 255.9
8 1 2482 233.6 234.8 229.9 231.8 236.4 236.8 240.3 248.8 256.7 265.2
1 2553 241.4 248.2 245.1 244.0 248.8 257.3 256.2 266.8 274.3 283.0
6 2714 253.4 258.0 256.6 258.6 268.0 274.0 271.9 283.3 292.1 301.0
293.4 0 4
4 5
2 —
0 \ \

\
2000
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Map prediction — Engine 26a

BMEP in bar
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IC

VCRc. EGR 2.0 TC 4| 9/12 DI Yes Yes No
26
04 | 357.0 306.9 2743 2813 2553 265.5 BSFC in g/kWh
| 255.6 257.6 241.9 250.4
22- - - - - CR9
1 240.5 239.1 231.3 238.9
20 — o ° ° o
1 229.5 227.4 225.7 229.4 15.3
18 — ° ° ° °
16 1 2222 214.4 221.2 224.4 228.9 238.3 248.6 285.0
14 1 219.9 219.2 223.0 225.2 228.2 228.6 237.8 265.5
12 1 2275 228.4 235.8 224.7 233.2 238.6 243.1 254.5
10 1 2714 237.9 233.4 231.7 2345 241.3 240.7 246.4 250.1 258.3 268.7
g 1 2606 245.3 246.6 241.4 243.4 248.3 248.7 252.3 261.2 269.6 278.5
5 1 2706 255.9 263.1 257.4 256.2 261.2 270.1 269.1 280.2 288.0 297.1
4
2 —
0 \ \ I

\
1000

I
3500

l
4000
Engine Speed in rpm

I
6500
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Methodology — Engine 26a

o Data of similar engine with CR12 and CR9 available
o COV <= 3% (Cycle of variation)
o Spark Knock KlSyy, ax = 2% (description slide 11)

o Data of different engines with EGR available

o Effect of c. ext. EGR on BSFC o Validation with benchmark data
for specific engine (Based on
test bench data)
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