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* Hardware in the loop
Simulation

3D 21l —23(cHIFB/ID—
oA ABRE R DIRES

1 D222 —23aY(CHITDS AT LFRET

Driving cycle Driver model Control model
vl AL} | Vehicle speed ’, ‘ &
Afef A 1Y (Target) B N \
t Pedal control ¥
___________ i i
Power train |
T I
| Generator power l I
Motor
Throttle opening Battery @ power |
Ignition timing 1
1 Voltage 1 I Current l Vehicle speed
E - (Feedback)
Engine ‘ Invertor % | R
=
% Speed Currentl IVoltage Currentl IVoltage 1
i -~ —_ = Speed | Vehicle
SEEN =LY ¥__orqle | Generator @? Motor G!, ejrn =
TWC ¢ R - Torque -
(VAN
BT —hOCFD A- ol

BREZD 1 RTESIUE (U5953) S
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M Research methods
2

L\
Vehicle tests Parametric analysis
To acquire performance data of The effects of
« Each powertrain component * Engine control logic
« Exhaust gas emissions « Electric Heating Catalyst
on the chassis dynamometer on fuel consumption and emissions

4 *

Numerical model
Vehicle model + Enginemodel + TWC model

Test mode cycle: fl:‘tgégi
=R o & conc.
g e — .
ol ,1“ Wm - Vehicle (0) (0) Engine speed,
- 1 ﬁl‘ Ut | speed, Required
" Acceleration, : : torque
WLTC, RDE... : MATLAB/Simulink o ) . m—t
. pg‘v‘v"gf'rsegc Vehicle model  ECR” GT engine model GT TWC model

SURIAWASE 2.0 y

Fuel economy and
emission evaluation
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Generator
-inverter

Motor
-inverter

NULJ[NmM]

imEII[W] BiRE[rad/s]
Engine
-gear
DF
. . | -gear
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Overview of vehicle test bench

Experimental conditions

Driving mode

WLTC/Steady state

Initial SOC %

60/70/80

Main measurement items

Exhaust gas
analysis

Electric data logger
L”

Engine outlet gas sampling

Blower Test vehicle

O {O

_ Speed
Engine
Torque
Gas concentration
Exhaust
Flow rate
Current
Motor
Voltage
Current
Generator
Voltage
SOC (State of charge)
Battery Current
Voltage
Frequency
Inverter Current

Voltage

[ T T Il i I\V}I}IJFI}I}I’I}I

Exhaust gas

Hub-mounted 4-wheel chassis dynamometers
flow meter

! Motor

== Inverter

Electric data logger

.:| -(-)- ——9® Battery
|__L| Generat

or

. Engine



Overview of engine setup

6/19

Measurement items

Pressure
Intake / Exhaust
Temperature
Cylinder Pressure
Cooling water Temperature

Engine specification

Multiport injection,

Type of engine 3 cylinders,
4—stroke—cycle
Displacement cc 1198
Bore X stroke mm 78.0 X 83.6
Compression ratio 12.0
IVO (Intake Valve Open) 4o
deg. BTDC 12 ~ +26
IVC (Intake Valve Close) _
deg. ABDC 76 ~ 38
EVO (Exhaust Valve 34
Open) deg. BBDC
EVC (Exhaust Valve 10
Open) deg. ATDC
Maximum output 58 / 5400

kW / rpm

Radiator

Cooling water o --4-----

Data logging PC1

L

———F= Exhaust gas

Inlet

Throttle analysis
valve o o~
£ [ ]
EGR Th
valve © ree-
way
catalyst
(D |
EGR l Exhaust
Cocﬂer v FITITIIIIIIIIIIIITTTTT

-

Camshaft position sensor

mqem————halo,

Maximum torque
Nm / rpm

103 / 3600 — 5200

_________________

=

j;»l'dg‘ .
: : ' Multi-channel Data logging PC1

data station

AN

Data logging PC2

E:E:::é:]

oo

i

- - - Pressure sensor
- - --Thermocouple

== - -- Cylinder pressure sensor




Engine model
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1D engine model built in GT-Power

» TPA(Three pressure analysis)
Require * In-cylinder pressure
* Intake pressure
 Exhaust pressure
 Boundary conditions
Estimate < Heatrelease rate
« The trapping ratio
* Residual fraction

» Steady state conditions

» Transient conditions

« Model identification
with experimental data

Combustion model

» Sl Wiebe
9 . 90 m+1
MBF(8) =1 — ex [—a( ) ]
P AB10-90

0: Crank angle g, m: constant
0,: Crank angle at combustion starts
AB;o_qo: COmbustion duration

Emissions model

> NOx

Extended Zeldovich mechanism
O+N,=NO+N

N+0,=NO+0

N+ OH =NO+H
» CO
Water gas shift reaction
CO+ H,0 2C0, +H,
» THC
Unburned fuel components




EGR control valve step

Results of vehicle tests
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WLTC cold Initial SOC 60%

—EGR signal
50 | —Engine speed , ,
T40 \J\
Ry
230
)
2 20
10
0 L 1 1
0 250 500 750 1000 1250
. . . Times o
Engine driving conditions
Warm up | without EGR | with EGR
Engine speed rpm 1300 2370 2370
Engine torque Nm 34.5 79.5 72.0
EGR rate % 0 0 13
A/F 14.7 14.7 14.7
Fuel flow g/s 0.383 1.27 1.11
Intake air flow g/s 5.82 19.1 17.0
CO ppm 4010 5081 4121
NO ppm 187.0 1038 400.1
THC ppm 3265 3444 2330

N W B~ O

O =

In-cylinder pressure MPa

Intake pressure
kPa(abs.)
o
o

kPa(abs.)
— — — — — —
O =2 N W A AN
O O O O O OO

Exhaust pressure

90

-360

—Warm up —without EGR —with EGR

SN

30
Crank angle deg.ATDC

[ —Warm up —without EGR —with EGR

.\/\u\v,ﬁ

r —Warm up —without EGR —with EGR

180
Crank angle deg.ATDC

360



Result validations : Steady state
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é

Input (cold start)
1600

-
N
o
o

Engine speed rpm
(00}
o
o

] 11

400 ransient
O [ 1 1 1
0 5 10 15
Time s

Results at steady condition

-90 -45 0 45
Crank angle deg. ATDC

90

o w o o

1.2

—

Excess air ratio

R.H.R. J/deg.

N
o

-
0

(&)

Air flow rate g/s
o

o

© ©o o
BN (0)} oo
Fuel flow rate g/s

o
N

o

0 S) 10

15

Times

20

Comparison between exp. and cal.

Exp. Cal.

Torque Nm 35.5 32.7
Exhaust temp. K| 734.6 743.8
NOx ppm 454.7 412.5
CO vol.% 3.403 1.467
THC vol.% 3.175 2.729
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Result validation : Transient

Results at transient condition (cold start)

Cycle num.
40 y
Cal. 50
$30 - 40
ke,
220 | i 30
14
T 20
o 10 i
10
0 N 1
30 0 30 60 -30 0 30 60
Crank angle deg.ATDC Crank angle deg.ATDC
100 1000, 6 3000
£ - - -Exp. —Cal.
Z 80 S 800 § 5 2500
0 s Zg4 2000 £
o 60 g 8 a
S s 03 1500
[0} i @)
2 40 < E2 10002
5 2 g
o 20 g Of 500
O 1 1 1 0 |.>lj 0 0
0 5 10 15 20




Validation results of integrated model 119

—\
Integrated vehicle model

Test mode cycle: f&gg";‘:
== N =] conc.,
P . , I sv
- Mwm \ Vehicle -Im Engine speed, }i
UTHAEELE L] speed, Required \
' - Acceleration . . torque, EGR
=~ MATLAB/Simulink .
WLTG, ROE... pon\e;glrj,ISr;eOdC Vehicle model ®  GT engine model GT TWC model
50 WLTC cold Initial SOC 60% %0
3 . Expuss 5
%5100_ Exp. Cal. 708
o E ’ 5 X
2 50 0 o
S - v Integrated model has
0 30
100 1 a good agreement

5 | H = with experiment.

s _60 H \J | | ! =

P | e £ | v Fuel economy and

€20 ? .

2 L gl : emissions are
“ predictable.

S > 8 | 104 _j‘;’%g’

25 6 03 SE S

T D £ a

5.2 4 r 0.2 jo'é

ES 2| 010% ¢

© 0 0

0 500 Times 1000 1500
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M) TWC modeling overview
7}

» Enerqy balance

““““““““ Axial z
Gas flow T Channel gas Convection T
‘ L . Heat Reaction
\ : Washcoat (no thickness) tranlsfer heat
v
A EHC
Substrate wall | Conduction == Heat
transfer
“...| External v
Gas phase
c, s 28 c, 2o — hS(T,; — Ts)
€ = —p,V
vPgtp.g° "5, PgVing 5,
Solid phase

0T rc
W22 = (fopAsy 22) + hS(Ty = Ty) = X750 AH 15 + Spower + huSe(T — T)

» Reaction rate

r; = k;j[A]?[B]®, k; = Ajexp (R—TS])



Effect of EHC on emissions and fuel consumption 13/19
under cold start

» EHC performance prediction under cold start
—EHC power ——Engine speed —Vehicle speed

EHC conditions 3000 120
E 2500 | O 1| 100%F
Input power kW 2.5 B2 I =
_ T 52000 l{ 180 o
Input duration s 72 2 §1500 ! ) ] {e0 &
Input energy kJ 180 £ Q1000 140 2
- . g 500 t \ 20 G
Timing Driving start . \ >

0 50 100
Times
1200 3 0.3

X - - — without EHC @)

51000 T

= 8 —— with EHC =
£ 800 o o2 f ---1 02 x O
o = e O o
3 600 g3 Il B
- 0 '= ~: e ————— S =
£ 400 ——with EHC §§1  [760 .0 01 EFE

] | ] >

S 200 —without EHC K £

0 ' 0 S

0 50 100 0

Times



Effect of EHC on emissions and fuel consumption 14/19
under WLTC

L e 100
; % 80 - = =without EHC ——with EHC
8 E
= 60
40 ' '
3000 1 _
D i} o
& _ 2000 [l | g
v a 105 =2 &
S = 1000 - S5
c g 2
L >5 O
0 OO
) 8 OO O
82 4 | % gt
5,0 D - o
e L_z L E X =
55 2 328
O o O 1 1 ~
0 500 Times 1000 1500
EHC effect
without . Reduction
EHC  |With EHC A v' Emissions can be reduced

effectively during cold-start.
v" Fuel consumption increased due
CO emissions g 7.59 6.90 9.02 to the increased number of
0.188 0.119 36.8 engine start as the battery
charge reduction.

Fuel consumption L | 0.775 0.795 -2.66

NOx emissions g

THC emissions g 0.335 0.253 24 4




» Verification of effect of EHC input timing and duration

m Casel1 mCase?2 mCase3

Effect of EHC conditions

15/19

EHC conditions

Case num. 1 2 3 4
Input power kW 2.5 2.5 2.5 2.5
Input duration s 72 72 35 35
Input energy kJ 180 180 87.5 87.5

- Driving : Driving ,
Timing start Switch on start Switch on

CO NOx THC

Case4

Fuel consumption increase %

¢ 1200 | |
a 1000
= [ »
2 800
o [ [
& 600 —without EHC
7 400 ol
,(_.‘g 200 | —Case3
(@) Case4d
O 1
0.25 !

05 |

o

mCasel1 mCase?2 mCase3d

Fuel consumption

0 Engine 50 Engine 100
on Time s condition
change

Case4

» Higher temperature by earlier input timing at engine on can help reduce
emissions.
» Temperature can be maintained at high level by long duration.



Effect of EHC and engine control logic
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=\
> Modified engine control logic

N
(&)

N
o
T

No No

Pmotor

> Thresholdp,,

Pmotor

> Thresholdy,

Motor power kW
o o

—Previous logic

OFF ——New logic
[ ‘ i ° 55 615 7|5 85
. Continue . Continue
Engine on revious state Engine on previous state J SOC %

» The effect by EHC + Modified engine control logic = with EHC

4000

()]
(@
w

= with EHC + modified logic

e ——EHC + modified logic R
S 3000 | - - -with EHC 540 | .
2 cp °\

vy - ()
22000 | A I A .- @
0 wi | : c 20 2
51000 | i g, k=
L] i | I=

0 thiyt ! w 0
0 100 200 300 co NOX THC
Time s

Fuel consumption

v" Fuel consumption could be improved without deteriorati
performance

ng emission
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