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Development of New ERGA EV
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REMH

Tetsuya Kumada

Abstract

The new model ERGA EV not only responds to the
environment by reducing greenhouse gas emissions due
to its BEV conversion, but also introduces the first fully
flat interior floor in a mass-produced vehicle in Japan,
significantly enhancing passenger safety. This article
provides an overview of the goals of developing the new
ERGA EV.
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Outline of New ERGA EV
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Abstract

We developed the new ERGA EV, a full flat floor BEV
route bus, in response to societal demands for carbon
neutral public transportation and zero in-vehicle

accidents. This article introduces the outline of new
ERGA EV.
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Design of New ERGA EV
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Abstract

The ERGA EV, the first fully flat-floor battery EV
route bus produced in Japan, has been developed with a
primary focus on responding to the growing market
need for carbon neutrality and addressing the various
challenges the bus business faces.

In terms of design, the styling was designed with the
aim of creating a new image for route buses that makes
use of the unique characteristics of EVs and meeting
the expectations of the diverse stakeholders involved in
buses. This article introduces the design development of
the ERGA EV, which has evolved for the next
generation.
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Abstract

For the purpose of dealing with the request of CN as
public transport, we developed new body which
addressed BEV as “Full flat floor” which is the end goal
of “The next-generation non-step bus” which Ministry of
Land, Infrastructure and Transport recommended after
a full model change of ERGA in 2015.

This article introduces the strong points of the body
and development techniques of the new-model ERGA
EV.
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Chassis Design of New ERGA EV
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Abstract

In the development of the New ERGA EV, many
chassis devices were developed to cope with
electrification, full flatness of the interior floor, and
reduction of the driver’s burden. This paper introduces
the outline of the development of the chassis devices
(Axles, brakes, suspension, steering, thermal
management systems).
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Electronics, Electrical Equipment and Air Conditioning of New ELGA EV
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Yutaka Osanai Yuuji Kanegawa Masaya Muraoka Youichirou Azumi Shouichi Yoshizumi
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This article describes the development of electronics,
electrical equipment, and air conditioning systems.
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Use of Vehicle Driving Simulation Tool in New ERGA EV Development
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Hiroshi Yamanishi

Abstract

Isuzu has developed a vehicle simulation tool to
predict vehicle performance at the planning and design
stages. In the development of the new ERGA EV, this
simulation contributed to shortening the development
period. This article introduces the outline of the tool and
examples of performance examination.
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Isuzu has developed the EV bus “ERGA EV” as part
of its medium- to long-term management strategy of
“developing next-generation products that are carbon
neutral (CN) compatible.” In addition to (1)
compatibility with CN through electrification, (2) a full-
flat floor design to meet social demands for safety, we
were able to embody the performance required for next-
generation public transportation. This paper introduces
the details of the new ERGA EV development
evaluation.
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Electrification Technology of New ELGA EV

® §F

2023 4-10~11 AB#ED [JAPAN MOBILITY
SHOW 2023 | TR P AR L7z BEV &R/ 2
WA ILH EVIZtt 2= — X & A kDA A
WA BB L-EREYIO EV BBENZ TH 5, AFT
BRI EV OREN S RHPL EETRS THS
Ny T —RE— R ECIZETAMEENT TS,

I et

Naoya Oshida

U

Osamu Tsutsumi

Abstract

The BEV bus new ERGA EV (Electric Vehicle), which
made its world debut at the JAPAN MOBILITY SHOW
2023 held in October-November 2023, is Japan’s first
domestically produced EV bus that embodies the future
of public transportation that meets social needs. This
chapter provides an overview of the new ERGA EV’s
representative features and its main components, such
as the battery and motor.
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Advanced Safety Technology for New ELGA EV

iy P Hir > an s B g Bantoen Run*
Akira Nakanishi Yuusuke Tanaka Masashi Iwaki Takumi Miyamoto
2 g Abstract
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As part of Isuzu Group’s efforts to achieve zero traffic
fatalities, the new ERGA EV has been equipped with
expanded advanced safety technologies compared to the
previous ERGA model.

In this context, we will highlight two key features
newly installed in the ERGA EV: the Front Blind Spot
Monitor and the enhanced Driver Abnormality
Response System.
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Development of New ELFmio
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Tomokazu Masuko
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Shun Kobayashi

Abstract

Recently in the domestic logistics industry, the aging
and shortage of drivers has been progressing, making
resolution a pressing issue. Against this backdrop,
ISUZU has launched the new “ELFmio” from ELF-
series, which can be driven with a regular license. In
this article, we will introduce the development overview
and vehicle performance of the new “ELFmio”, along
with product expansion.
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Future Design of Cabin Air Quality
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Abstract

Until now, improvement of cabin air quality has been
addressed by reducing VOCs emitted from interior
components. These measures are intended to reduce the
adverse effects on human health by addressing the
regulated components. The usability of the vehicle
interior environment is changing with the acceleration
of technological advances such as automated driving,
and it is necessary to provide a space with comfort and
added value that is tailored to the needs of the
passengers. In this report, we report on our
investigation of the role of air quality that can
contribute to the creation of new value, based on the
basic investigation of visualization from the infection
control measures we have taken so far, and with an eye
to the future.
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Study on Model-Based Development for Lean NOx Trap (First Report)
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For Model-Based Development of Lean NOx Trap
(LNT), which is one of the NOx purification devices for
diesel exhaust gas, we developed the LNT catalyst
model. In this report, we introduce a systematic
modeling method for the redox reactions during LNT
regeneration.
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7)) Lo 2EE s NOx L IkRE A 452 27
ANERLINTE, ZD5H, LNT 1 1990 448
12N IR EBE SRR XN TLIR, /R
HEDT 4 — ¥ILIat & SR 10 2 R 2347 H
. FZHLEh g V2,

—EEIZ, LNT 3R 1 ISR $EII27 4 — Bk
WPELEENT CSF (PM it 7 4 L&) O Bticad%
BXN., T4 —ELPEH A 2D NOx, CO. KUR
EARFFDOFLIREZ > T D, LNT i3 84
J&. NOx Wiht, XU OSM (BeKWditt) mE»5
Mk &, ) — VSRS (EXGBRIE A >1.0) O
WA 2IZEEND CO RRILARTI A B2k L
LoD, g LIRS & Ui 245 2
ETCHEHN A A D NOx #FrZET5, ZOFE. LNT 2%
TE S NOx RIZIZRAELH 5720 — A Z &1
IR 2 PERUC G §5. b3 ) v F 234 2
(A <1.0) 12k W L7= NOx % M7 Ny 1230 L
2D, LNT O NOx Wk 11 % [al{H X g5 DY,

A TIXZOMEA LNT B & adfk+5,

A_sensor _model

18
16

—

1! 1a .

—
12

Diesel Engine

(g Y=
) . Gas phase .
L T S
Reaction J" film

\

~

Sub. 1: NOx trap 3NO, + Ba0 — NO + Ba(NO,),

Sub. 2: OSM oxidation 2Ce,0, + 0, — 2Ce,0,

Sub. 3: Gas oxidation 2N0+0, < 2NO,

Rich

Sub. 4: Trapped NOx reduction Bga (NO;) + 5H, — Ba0 + N, + 5H,0
Sub. 5: OSM reduction

3Ce,0, + 2NH; — 3Ce,0; + 3H,0 + N,

\_)

1 LNT OEFIN—ZAHRIBEOERES

LNT O & LT, &l T NOx L IERER
LNT P ETOMRERHE #2F 52 &N TESH, i
TIZLNT LR SCR #flEH 2 Z & THREMTE L
T2 R ALBEREE R LNT FAE TOMRBHEE & 4 st
FTHHEEIERE SN TND, F22hE R, ZOR

g s TR v YV RE G
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FIEEEE 2 LNT op#tEs v (DI, [LNT €
FI| EFRT) AHEFLZ MBD (EFAR— ZBA%E)
AEH &g OO,

LNT EFLIZOWTE, ZThETIZE K D% s
X T O [ NT 7T, FICBEE -
PEER - RS2 B B oL — IS K OIS
B 1IRICETLTHEZER 30 LOKRIGE &
PMRDTHEMELET L THH I EEFHEL TS, Z
DI, LNT EFLOEMLOE&HK LT, LNT
fl i ASHERE D T 20 B B ORI S R X h b Z &
5450 AMDENZE, KO = 8 o F Dl
FIRDONIEEEETEBEDH D ENZEITENS,
2, 513 NOx O R L TlloAZL 59,
T 2 BRI sRE 2 A X5 NyO R NHs D gIIZE B
EOTHIERE Y LNT TFULISRDSNDODOH 5,

ZZTHAZIZLNT Y 257240 MBD BREEORES %
HHyE LT, 2O # 2 % FHINTBEZR LNT €
TARA L VHETAEFAR Lz, 72, ZOMETHE
HELHEAD - 72 S % RMINZET AL 5 FEICD
WCE MG 2 E A7z, AR TIE. LNT @ MBD B350
MESEIZBI T2 MET D WM& LT LNT EFLDK
GO K7 ¥ E A DS LNT FAEROBRCETT NG
IZOWTCD R HTT ML T AN T3,

2 FEBRRUOVIalL—YarFHiE

LNT PR IZHET T 5 R b= TR % Al 5l >
2T LTaHMEiL, ZOREE»S LNT EFIILORGE%
Fhii L7,

2.1 fEEmE &SR

HEE i - UC, E4E. NOx Wudtf, &1 OSM
R &5 LNT % 400 cpsi DI —2 2 54 b
NZHLIZHEB L, N=H A EE21.6 mm B &
20 mm (2 L7=0D 512 500 ‘COEBLNT 10
DEUBE % Jiti U7z kB & Wz,

fih 85 o> K Ie Ve RE A 12 0 i 4 EE Al S 2 T A
(CATAS5000 ; <2 b Hllgs+t%) AL, CO. NHa.
N,0. NO. NO,. }U'H,0 % FT-IR (Bex-1000FT)
T.THC, Oq. KU CO, % HEH 77 Z 53 H7ET (Bex530M)
T. ZLTH, 2 EE7MEt (Bex-1001H-MI) (2T%
NZENOPEE & FHI L 7=, 5RBRIZ 500 °C Cfill % 143
IZHy XEJC L2 BIZ, il # X (SV = 97.5 kh'
10 % CO,. 10 % H,0. N, balance) (ZxfLT, F+ 11
RT16BODHFZEMA, 500 CTH5 100 CETO
27y TRRET O, 2T v TOEFIREICE TS
T — 2 ZaHlifE & L7z, ZOBEOE T ZDOWRKE X, ©
VO VEBETORBIZIANT LNT AR IR I

BHAURNE R BEZITRE LT, SVIEIROKXTERL
720

SVIh]=V / Veu

ZZC. Vi \FHEHEHEN 77 2508 (L/h], Ve, (il
B (L) Thd, 72, GERHZAONEGEHE»S . K
I TR LZEHETE Sb Ny iRE 2R/ Lz,

F1 MEFEED X7 LICHT 2 REOF G

H, | NH; | CO | coHg [ N2O | NO | NO,

No. | Test name
° (ppm) | (ppm) | (PPM)| (PMC) | (PPM) | (PPM) | (PPM)

1 H, 5000 0 0

2 NH; 1500 0 0 0 0
3 CO 0 0 5000

4 C3Hs 0 1000

5 N,O+H, | 5000 0 0

6 | NoO+NH3 1500 0

7 | N,O+CO 0 0 5000 200 0 0
8 | N,O+C3Hg 0 1000

9 NO+H, 5000 0 0

10 | NO+NH; 1500 0

11 | NO+CO 0 0 5000 0 1000 0
12 | NO+C3Hg 0 1000

13 | NOy+H, | 5000 0 0

14 | NO,+NH;3 1500 0 0 0 500
15 | NO,+CO 0 0 5000

16 [NO,+C3Hs 0 | 1000

2.2 EFVUFE

Matlab-Simulink (MathWorks f1#1) Tiduk h
721D O LNT EF L Z{ERK L7z, K ICHGET L7z 1D
OfiiEEFL W EVOEBELT, ZORIBETIL &
LNT i x5 K5 & H Lz, LNT €7 LICE
FN5 IO ®EEERIE R#ElYy — L
(modeFRONTIER ;ESTECO #L#!) 12Xk % E{5H
TNLTY XL (MOGA IT) (2XD [ L7z, FEREHR
2645 LNT EFLTDY I 2L — 3 VHERDE
gy HRBE L U, HIBIE /M5 2 KO ISR IT
AT S 2L TRIBO ML &R % [FE Lz,

3 ERERERCETIVOBE

3.1 LNT i F ORESE

LNT it Ci3 % < O KB A RIRFIZHETT 55728,
FER G A TRTEEELT, ZN5—D—DDKIB
Y CRIEE L. RSO MU A [l 4 % A
bHB, ZTTET  RILHPHEITTEIHREMT (V=2 v
F). KROB5- 5 EKD R 112 d 6 DI
SR U 7 U — YR T NOx Mk (Sub.1).
OSM 1t (Sub.2). ZDIEND AL G (Sub.3). 7=,
)y FF P TIEWE L 7= NOx @ 3% JC (Sub.4),
OSM &L (Sub.5). KU DIEH D AL 3% T K
(Sub.6) TH %,



1) =2 NOx bZ v TDEFTIAN—ZARERICEATHHRE (B 1)

WIZ, ZhED 6 DDRISHE A3 THl% 5
WE e Uz, 9, MERIESEH K TIERIBIZ 0, D
WH s Sub.1~ 3 13T, F/2. LNT & Haijic
T Hy 3BT §HZ & Ty Sub.4. Sub.5 DB
925720 . K1 OKREOMNIZ/IN L Sub.6 (LT,
() v FEFEMKOBAGETRIE] LFRT) DAEY)5)
T TEEEHE 272,

3.2 Uy FFEHEKDELE xﬁu@ﬁulﬁnﬂﬁﬁ
FBED LNT 4 Tid X X E 0 b F MK -
fif 95 WME 2 RODEFE CTh B2, R TIEY » ’f??flﬁl
KDMALEITCIMZ B G- 954 2F & LT Nyw CO,,
H,0. Hy. CO. C3Hg. NH3. NO. NOy, KU N,O D
10 ffi & kb5 & U 7= ikl A& 926 L7z,

F4. LNTHAEIZBWCEILHAE L TEHTS
H,. NH;. CO. KON C3Hg & LNT flfifl - i35,

F£1DNol~4 DALz, TOMEER 2
1T, B 2a @ Hy fitliadlii Cld i > 7 b RS (R1r)
12&% CO k. B 2b d NH; ik ¢k NH; 23
fi#t (R3) &iv 7 b (R1r) DEHEFTIZ2X S Hy &
CO DR, B 2c D CO iR TIIARMEH 2> 7
M (R1)12&5 Hy Bk, KUK 2d O C3Hg ik
;tﬂ(*i“ W (R2) & AMEH 227 1 (R1) DRI
f112&5 CO & Hy DA ETB EHERE Lz,

5000 (& 2000
sz--\\
4000 | 1600 F
: ——H 1200 }

o 3000 i
£ 2000 } 800 |
o
s 1000 | 400 |
£ e
S 0 0
S 5000 g 4000
£ 4000 ° 3000 |
c
3 3000 | ——H,
5 —=-CO 2000 }
O 2000 }

1000 b 1000

O L L L L 0 3!
100 200 300 400 500 100 200 300 400 500
Temperature [degC]
2 #HERNo.1~4 DHER

WIZ, NO. NOy. MUYN,O % Wfb#i 2 &AL,
H,. CO. C3Hg MU NH; @ 4 FEOETCH A LD BIG
PERER TH 5.1 D No.5~16 DAREZR 312,
3a~d IR T N,O BEICIRER Tl 50 % finfbikhe
(Ts) 8. Hy T 230 C.NH; T 170 C.CO T 280 C.
JUf C3Hg T 250 C EWFhd @ N0 E et %
AL, B 3e~h 2”3 NO ﬁfﬁﬁ%‘( i NO »5
N,O. NH;, KON, 24K L7z, Hy DGA (K 3e)
T, 100 CTERE®D NO frf‘ifcéh@)b R

WmWHETH -7z B3i~11ZRd NOy & fiﬁ:;ﬁ%ﬁf
CO + H,O& H, +CO R1. R1
? ? ? { N0y # NO. NZO NHy. O N, &2z ik Lre.
CsHe + 3H,0 = 3CO + 6H; (R2)  H,% CO D4 (B 3i. B 3j) Tl 100 ‘CTAED
2NH; — 3Hy, + N; (R3) NO ﬁ!ffﬁ’éh’(:fok) FRCENEETH - 72,
a b c d
1500 N,O+ H e N,O + NH N,O + CO N,O + C,H
1200 | N O ‘ O =
900 } ANy
—0—N,0
600 | cal. N,
300 |
0
T 1500
2 1200 }
S oo f
©
£ 600 }
S 300
S 0
1500
1200 |
900 |
600 | ]
300 ; 2 :
0 Bostooot o b oad Mm L= SR R R e e i’g\ -Tfiﬁ—o—o—(V D

100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Temperature [degC]

X3

5% No.5~16 D#ER
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DL EOKERLS . APEH AL T+ (R1) RAZEREE
R2) Ik > TRILH ATESMHAZERT5Z L, NOx E
TR TIEER DL &4 C % KB AT 5
ZEhbir 57z, B, ORISR U THEIT
BERBIS 5 E S ME Xz, 3.1 8T LNT TORIE
A6DOIZMHL. ZO—DOTh3) v FHMRDOMEAL
BICRIR &Y 3 728 b3, A RID 0 BlER
STk, Thl RIS FEBRIIZEr 5 2 83
Wit THsE% 272, TZTXIZ, ZZETCIfFons:
FEAER D SO KBET I DR E RATZ,

3.3 A LIFEICED LNT EFILOHEE

BHERE AR > T2 RIBHE 2 ET UL T5I12H720 .,
303 v FEREHKOBLETCRIS &L, KRG
ZRTEZ LA HME LT, Redox matrix & {EH,
L7z (F&2), Redox matrix {&. FEILH AFE, EITH
ZH, MOAER T3 EER A ZMOMAEEELTE L
ENBFNTCOISE — VD 33 KbaE &R, ThThD
RInE R1-49 & L7-, il 213, R11 GRS A Z 5 Hy
& NoOL AT AN Ny THB L DIz HIBT 5,

NgO‘/’Hg_’Ng ‘/’HZO (R]Z)

# 2 Redox matrix (&3
LNT & EEDRICIE RO

Reductants
Oxidants Products

H, NH; CcO C;Hg

N,

N,O
NH;

N,O

WIZ, Redox matrix ? 33 [T, EERIZH#
REAND RIS AEIRN U, 7D RIS 8% [l
B72002, T3NS FNEIZHE > 72 KGETIL DR
ZikAlz, ZOFIMETIE, Bl RKISOADHETT 5
FEERAE A6 2 D BB O KA [FE L. KEBIZHE
TR O LWFERERIS] LT R E Y I o
L= 3 VORERN T B L2, Eizra)
ZLEHNTAT » 7 LI IG A HLAA T T HETH
%, UFAHTIE “BiA B Ladikd 5.

x3 HALITHICIDRICEREERETBDOREFIE

Test Name Possible reaction pathways ‘ Ig::;g(i;d Ofsictfgf
1 CO R1 R1 H,, CO
2 C3Hg R1,2 R2 H,, CO, THC
3 NH, R1,3 R3 H,, NH,
4 NH;+N,O R1,3,21 R21 N,O, NH,
5 H,+N,O R1,3,11,12,21 R11 N,O
6 CO+N,0 R1,2,11,31,32 non
7 CsHg+N,O R1,2,11,41,42 R41 N,O
8 NH;+NO R1,3,21,23,24 R23 NO, N,O, NH,4
9 H,+NO R1,3,11,13,14,15,21,23 R13,15 NO, N,0O, NH,
10 CO+NO R1,3,11,13,15,21,23,33,34,35 non
11 C;Hg+NO R1,2,3,11,13,15,21,23,41,43,44,45 non
12 NH,+NO, R1,3,21,23,26,27,28 R26,27 NO,, NO,N,0O, NH,
13 H,+NO, R1,3,11,13,14,15,16,17,18,19,21,23,26,27 R16,19 NO,, NO, N,O, NH;
14 CO+NO, R1,3,11,13,15,16,19,21,23,26,27,36,37,38,39 R36 NO,, NO, N,0, NH,4
15 C3Hg+NO, R1,2,3,11,13,15,16,19,21,23,26,27,36,41,46,47,48,49 R46 NO,, NO, N,O, NH,4




1) =2 NOx bZ v TDEFTIAN—ZARERICEATHHRE (B 1)

3.3.1 BEXTHAODEBRICDEE

9. R20DFEETF— 215 KkMEHZL 7+ (R]),
KIERUE (R2). M O° NH; 20 (R3) O3S & 5 %
[l L7z, &3 D Stepl 128 T LHIZR 2¢ D CO ¥
WERBROMER S, KPEHZT T 1 (R1) O E R
ZAE L7z, MUE BB OFEE TiE, CO & Hy IRED
FEFEREVI ALV —Y 3 VOESEHNEKEL.
BIZH7LT) ZLI280 HBEB O M 42 55
K EemEfto oy —%2KD7%, RIS, 3D
Step2 TiZE 2d D C3He Hil ik 5RO AG R A 5 KA
UUE (R2). Step3 TIXE 2b D NH; Hiiil iR 0 i 5
75 NHs 7% (R3) 222 hlaE Lz,

3.3.2 N,O BILRICDEE

% 3 D Stepd~7 T N,O &L KIS % [6 & L 7=,
Step4 TiZE 3b O N,0 + NH; ikB&i2kD NH; i
&% N0 EICIIG (R21) O ¥ J& & 1 % [l & L 7=,
Step5 M Hy 12k % N,O & JC M (R11, R12) (24
LTiE, B 3a®d N0 + Hy ikliRiZI\T NHy Ak
(R12) 3B chsh 5722 &h 5, R11 OB ER
DA% A58 L7z, Stepb TIZ CO 12k N,O B ICK
& (R31. R32) #&[EH3LE. ®3c D N,0 + CO
REAERIZYV I 2L — Y 3 VRSB EL —F L, v
Iab—Ya v TRAMAAYTZ N (R IZKk->TE
B U7z Hp 12K 5 T N,O 32JC (R11) 2 HEAT L TH D,
CO 12& % N,0 EICKIEG (R31. R32) 12 R11IZXFL
THRHETZZEE WK NEH £ 72, Step? Tl
3d D N,O + C3He Wil ik Bk IZF61 CT. NH3 2B
(RA2) FEE I 572205, NyOBILIZLS
N, 4% (R41) DAE A5 L=,

3.3.3 NOETREDEE

% 3 D Step8~11 T NO & JC K I& % [\l & L 7z,
Step8 Tid. X 3f ® NO + NH; ik iZFH\ T N,O
DER L TR e, £3. NoO EMRIE (R23)
ERIELZEZA, FEEREYI 2L —¥ 3 VOFERR
K= L, vIab—Y g VORRTIE. 200 C
A% TIENO & NH3 D RIBIZ& % NoO A% (R23) 43,
ZHLL EORE TIE R23 THB L7z NoO A H IS
NH; & B LT Ny A (R21) LTz, BLEO#ER
75 NO & NH; O Kz &3 Ny Bk RS (R24) D
HE M TXBLE 272, Step9d TlX, E3e D
NO + H, iRBRDA & LT N,O & NH; AR L
~=—J5C. 500 CHI¥ED NH; 73 f# (R3) IHk$ 5
N, DSBS S hah > 722825 Ny B (R14) 13
MR L. N,O 4k (R13) & NH; BB (R15) #[Al5E L
72, Stepl0 }2UF Stepll TiEZNZi R33~35 K UF
R43~45 2 ZEH4d L FEHEL I v —v a3 v/D
FERMNIL —FH L2 ZOBEDYI 2L —v g VR
Tix. CO R C3Hg 23 NO #EEMIZEILTHDTIE
<y AKYEAZL T B (R]) RAKZEREUE (R2) 1245
TH U7z Hy 2 NO Z3EIC Lz,

3.3.4 NO; BETREDEE

#F 3 D Stepl2~15 T NO, EILRIE % [FIE L7z,
3 DFERME  WTIOBEITLH A DA TE NO, &
NOEIRBAER R3De ki, fLj gkk KU
h EOMHAA—HLTNBZERS, NOyEILD Tk
ERE NO(R16, R26. R36, MU'R46) ThHd &
L, S EREFE Lz, 2, Stepl2 Tl
NH; 12 & % NO, & J& T @ N,0 4 W& (R27) %,
Stepl3 Tt Hy 12k 3 NO, 3&ICTO NH; 4K (R19)
AET A AA A, M e A AE Lz,

x4 LNTBLEERE (V7ETIV6) ORISIER ERER

No.  Reaction Reaction formula

Rate expression

R1  Water gas shift

R2

Steam reforming

CO +H,0 & H, +CO,
C,Hq + 3H,0 — 3CO + 6H,

R3  NH, decomposition 2NH; — 3H, + N,

R11 N,Ored.to N, by H, N,0 +H, — N, + H,0

R13  NO red. to N,O by H, 2NO +H, — N,0 + H,0

R15 NOred.to NH, by H, 2NO + 5H, — 2NH; + 2H,0

R16 NO, red. to NO by H, NO, + H, — NO + H,0

R19 NO,red.to NH, by H, 2NO, + 7TH, — 2NH, + 4H,0

R21  N,O red. to N, by NH, 3N,0 + 2NH, — 4N, + 3H,0

R23  NOred. to N,O by NH, 6NO + 2NH; — 3N,0 + N, + 3H,0
R26  NO, red. to NO by NH, 5NO, + 2NH; — 7NO + 3H,0

R27  NO, red. to N,O by NH, 2NO, + 2NH; — N,O +N, + 3H,0
R36 NO, red. to NO by CO NO, + CO — NO + CO,

R41  N,Ored. to N, by C;Hg 9N,0 + C3Hg — 9N, + 3CO, + 3H,0
R46  NO, red. to NO by C;Hg 9NO, + C;Hg — 9NO + 3CO, + 3H,0

1=Ky (Co™ Cripg™ = CeoCrip  Keqr) / (14K C)

1= Ky Ceang™ Cpro” 1 (14K Cepig)
r5= Ky Cya/ (1+K;Cyp)

1= Ky CrooChiz

r5= Ki3 CuoChiz

5= Kis CoCriz

6= Kis Crno2Chiz

o= Kig Cno2Chiz

I21= Ko CrrooCuiia

I25= Koz CuoCpis / (1+Kp3Ch)
6= Kas Crno2Cis

7= Ko7 CrooCra / (1+K5,Cyip)
I36= K35 Cno2Ceo

"1™ Ka1 CrzoCesrie

146~ K46 Cno2Coesris

k; = A, EXP(-E;/RT)

Keq =EXP(-4GIRT)
=EXP(-(4H-TAS)/RT)

r; : reaction rate

C;: gas i concentration

k; : reaction rate constant
A, : frequency factor

;- reaction order

E; : activation energy
T : temperature

R : gas constant

K; : inhibition constant

Keq: quilibrium constant
AG : Gibbs free energy
AH : Enthalpy of reaction
AS : Entropy of reaction
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6000 2000 6000 1200
H, NH, co THC
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4 BFHAZRAMCHTEIEREELS I 2L —2 3 HEROERES

3.3.5 EERICHTAHEIIaL—> 3> DFEERES
PLED& S %% 3 D 15Step (2 K SFEA BT HEIZK
0. 15 KIbA B RIBETF LA REEE L (R4), 2O
RIBETFLDY I 2L —3 3 VIS EERT 5720,
1016 EHREMFISTEEBEVI 2 -V a Yy
OB A L7z, ZORRER 41283, 7RO
ZDNFIUZTNTE BOVHBREZ R L. 2D, Sl
BEARDMEXA 1.0 10 % DHPHATH 5722 L»5,
FREORIBET L AMETEEFT A%, —H.
NOx R NyO {22\ T, —EBIC PHIEE O\
PR XN, BEARZWEORMAIRIN TN EH
A7
4 EE
4.1 BHLETEDORR ERE
VAT ARRO E AL - AL K2 2 MEAE
)& L7z MBD I3 2P E7 0121, RS IEh
DTS HEHAIZ PR HE L EREL D, M
A BT, W SO RICEWT G B 2GR
T — 4 Lo Y =L OATEREE % LNT 7LD
HEENTE D00 T B & R N A
H A e O A 2 E L R LTI T A N 2D
AR THRETE S, 72, ARRRMEA R &L Bk
% LNT M = =Tl o S €70 HERI 8 AHo
A EFBEOFIEABHTE, BONHE » 2L %H
ATzo BT, A5t A7 A GRS i (LM AR O F S 23
VEBRED OB B MFTES, ZOKHIT, M
AR, FZHGTE Nz MBD AT Ol €570
WETREEE L5,

— /T, MALFHEOFEELT, K£AT v T DR
FEDRDAT » FIAZE L, FBITHT TEMT S 5
BEFONS, ZORRIESHOBETH 50, AR
TR LZEDIZ, Redox matrix Z1GHLTHE AT v
7T ) 75 OGRS A B IR L DD, &G D S &
BABERNTILIT) ZLIZK0 EMEICFEETSZET
FEHEE 2R TEHEE LS,

4.2 LNT EFILICDOVLWTDEE

ARG CREELZINT EFLORIBAF: — 4%
5128 %, LNT i iIchWTny oy o it dh
BRI O K713 CO L RILARFTH S, &
R Ot 225, CO R C3Hg 1 ELAER &5 KD,
AKYPEH AT b (R1) RAKAKEE (R2) & 5T LTHERK
L7= Hy 12k D NOx ® N,O DI ICIZH 54 5 il 43
Ho77, Hyld, LNT B IS CETEYE Tt &
IBEICH A THDEAEENTED P, KEHIWT
% NOx R NyO DETCITA LT Hy i idith &2 /m L
720 NH3 i, TV 2V 6 BEMICHE Sh b Z &3k
WAL Hp 12K % NO RITKID (R15) 12K D IAVVIRE
BTAR L, Hy EABRIZ. NOx R No,O D3ETC (R21.
R23) 12/ L TEWiE M2 /R Lz, ZHhid, NHy 28
LNT HAKO NOx Wi EE 2 REEZH> 45
FArige L —5%§ % 1O, FCOMMN &M E A,
LNT 412360 T NOx &, KA 2L 7 b RAFEX,
WHEIZK > THERLZHy 2k > TFRIZE T S,
N,O % NH3 DR & 53 % JT LT Ny NEF b S h
BLE LT, ZTNETIZ N,O DK L 7% NOx
LD FEFREEE DO —EB &3 2 BEG B ETIITIRE &
NTELT, ARG DI=—2r kit 525,

-
—



1) =2 NOx bZ v TDEFTIAN—ZARERICEATHHRE (B 1)

NO,
CqHs NH; R16,26,36,46
H.0 H, H,, C3Hg, NH,
2 510 NH,,CO
R2 R3 N R27
H, 2
H,0, N,
Co H,
H,0 H,0
R1
co,
NH
H, 3 Ro1 N,O
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Study on Model-Based Development for Lean NOx Trap (Second Report)

Ky gk (TP S S | IT= Ry INEE B I
Teppei Oohori Hironori Inomata Naoya Ishikawa Hisashi Ozawa Yutaka Itagaki
2 B Abstract
T4 — L T Z D NOx L ED 1 OTh B For Model-Based Development of Lean NOx Trap

LNT OEFTANR—ZFFEHIE LT, LNT filio

TFNEREE L, B 1 RIS ZHEARTE LNT

ﬁﬁﬁ%f‘@@éﬁ%&zﬁ NOx DWW - BB REEDET) v
2B AT AR5,

(LNT), which is one of the NOx purification devices for
diesel exhaust gas, we developed the LNT catalyst
model. Following from on the first report, this report, we
introduce our research regarding modeling Oxygen
Storage and NOx trap property of LNT catalyst.

1 [FU&IC

T4 —ELZY DY O H A RBRABREO LNT
(V=Y NOx F7 v ) OFEFY 220 C, ZhE

IZE L DM RPEINTE, ZhEDETIIZE T
&, LNT DR K 5 Tdhsd OSM (e E W i1)
R NOx WM DR AEREE K<V I a2 —va v d
27-012, RO R 1M AR Eb?m#eif%ﬁfa Sh
B EF L PR R XN TR VY T EZED
MBD (E7NAN—Z[H¥) TOMMEETSE, &
2= 3 YVOKE (Quality) DIFNIZ, ETILAE
WA DELEFEETEEEDTZ b (Cost). M U H
(Delivery) $ EH¥ L5, 22T, MBD [t DOFEH]
M7 LNT E7 VOB EHEE LTI ab—V g
v OREE 2T EETEE BB ORIMEIZE
E’X%ﬂ%ﬁ(%to

1MW . &eE. OSM. KO NOx WjEtf»>
L &N LNT il E oG4, ) — v FHA
® NOx Wk (Sub.1). OSM At (Sub.2). ZDfthoD
FRAL IS (Sub.3). F72. VU v FEHKRDOWE NOx
BT (Sub.4), OSM &I (Sub.5). KUZOMOERL
SRICKIG (Sub.6) D 6 D2/ ML, ZDS5HD Sub.6
ERRELTNORNH; 250 LKV I 2L —
g VOSBRI ETIL ORI AT A W L
720 KT ZOHKH E LT, Sub.1~5 12875
OSM DOEEALETC, % U NOx Wik - Bk - Exo®T

) U ZIZOWTIRNRDG, 72, LNT 5L O K5
ERDOEEFINEE ZIUSIRTAEX LEERL,
B MBD IZFIF§2 56 OxhR & ifE A2 3P L7z,

2 FRBRRUOMBEETIV

LNT il D g Rk BE R NOx Wik - 3Z TR 4
Bt S 2 7 4 CEHII L. ZO%EH A2 W LNT
T AR L, RUEE &5 A& AE Lz,

2.1 ﬁ:ﬁﬁﬂﬁt:&tsﬁ%ﬁ

HERAEE A 1 L RBC. &E40E. OSM. K&
U NOx W #4 % fiL i & 9% LNT fil#5 % 400 cpsi
DA—=V 274 IN=HLITHEFFL, 500 COBERF
T 10 BB O EVILEE % fiEg U 7= 3kBR F & F 7z,

filt BE o> BEIS FROBR 120 il BEGE A 2 X 7 4
(CATA5000; <~z I llZt#) A2 L. CO. NHs.
N,0. NO. NOs. %' H,0 % FT-IR (Bex-1000FT)
T.THC. Oy KU CO, ZHEH 77 2 53 15T (Bex530M)
T, ZLUTH, #8805 Har (Bex-1001H-MI) I2T%
NZHOYRIE A FHHl L7z, 5B LNT fildi E oo
NOx %% 5728. 500 ‘C Tlit% Hy 30 L7=0D

12, RUVITRSHEA 2% 100 TH5 500 CTHT
DRWEIZT) =V HAEY v FH &Y A5 HE
EEEDR$TZET OSM DOE{LEIC NOx DML -
JIEHE - X TT & BFAm L7z

t g s e

BRI D AGHERGTHER
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K1 BEFMES XTALICET S BT OSSR
Common
Test name H, CO | CHg | NHs | NO 0, CO, | HO
(ppm) | (ppm) [ (PPMC) | (ppm) | (ppm) [ (%) | (%) | (%)
17 OSC_H, 5,000 0 0
18 0sC_Co 5,000
0 8 10 10 97.5
19 OSC_C3He 0 0 1,667
20 OSC_NH3 0 1,500
21 NOx trap_H, | 5,000 0 0
22 NOx trap_CO 0 5,000 0 500 8 10 10 97.5
23 NOX trap_NH3; 1,500

2.2 EFULIFE

1O TER L 1D O LNT EFMIx L& 2
IZN9 OSM DIBILIEIT. KUY NOx Wek - i - eI
B9 % 16 DS X & Hr 721l AR Az, LNT £
TG ENS KB O EE EBIE, mtEfky — v

(modeFRONTIER; ESTECO #L#!) D#E{z=r 7L
TY X4 (MOGA ) Ik [E7E Uiz, Sl e v 3 o
L—v g VAEROZES S & HIBK L U, BB &
INZZ B KIS ATRT R A 1T 5 2 & TRIB DM S E K
ZI)5E L7z,

%2 LNT (H7EFIL1-5) ORICIEREEXER

No. Reaction formula Rate expression
Sub.2 R51 2Ce,0;+0,=2Ce,0, Is; = Ksi Cop (1-Oaspm) Losm
7777777777777 R61 Ce04+Hy=Ce03 +H,0 T =KgCrpbouQom
Subs ROZ  Ce04 +CO = Cey05 + CO, Fez = Agze”(-Ega(1-055 Oosim)/RT) Ceo Oosm Losu
R63  6Cey04 + C3Hg = 6Ce,05 + 3H,0 + 3CO Fos = Ag3e” (-Egg(1-ag3 Oosm)/RT) Cearig Oosm Posm
] R64  3Cer04+2NH; =3Ce;05 1 3HO+ N, | oa = Aea (-Eoal1-064 Oogm)/RT) Cpis Oosm Qosw
Sub.3 R71 2NO+02 <> ZNO2
B T TR
- Ag1r©"(-Egy(1-751,05) RT)Cf 110525
R82 2NO +PtBaO + 1.50, <> Pt-Ba(NOy), e = KeoCos®*Crol1-Omza0) 2risac
Sub.1 - Ag2@"(-Egyr(1-7520p1820) RT)Optpaceiga0
R$3  3NO,+BaO = NO + Ba(NO), a5 = Ks3 Crioz (1-000) 20
R84 Ba(NO,), = 2NO, + BaO + 0.50, Fga = Aga &"(-Ega(1-7840820) / RT) Opa0 g0
”””””””” ROT T PLBANG,), + SH, S PLBIO T N, 1310 1 Sk G o o O
R92  Ba(NOy), + 5H, = BaO + N, +5H,0 4> = Kep Cr O o0
R93  3Pt-Ba(NO,), + 10NH, = 3Pt-BaO + 8N, + 15H,0 1, = Ky Cyers Foraac Coisao
Sub4 R94 3Ba(NO,), + 10NH,= 3BaO + 8N, + 15H,0 Tos = Kas Crura Oga0 Pai0
R9S  Pt-Ba(NO,), + 8H, = Pt-BaO + 2NH, +5H,0 o5 = Kog Crrs O Cousac
R96  Pi-Ba(NO,), + 2NH, = Pt-BaO + 2N;0 + 3H,0 1, = Koe Couts Forsa ot

ri : reaction rate

Ci: gas i concentration

ki : reaction rate constant
; : frequency factor

E;: activation energy

A

p : reaction order

k= A, EXP(-Ei/RT)
Keq =EXP(-AG/RT)
~EXP(-(4H-TAS)/RT)

a, y : coverage dependence of E

Oosm : Oxygen coverage of OSM

Qogm 1 Oxygen storage capacity (mol O /L)
05 : NO coverage of S site

Q4: NO trap capacity of S site (mol NOx /L)
Opigao : NO coverage of Pt-BaO site

T : temperature
R :gas constant

AG : Gibbs free energy
AH : Enthalpy

Qpigao - NO trap capacity of Pt-BaO site (mol NOx / L)
Ogao - NO, coverage of BaO site
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3.1 OSM OEMLETTET IV

9. OSM &Mt (Sub.2). XU OSM #IT (Sub.5)
DETIEMGEE L HE A FE L,

OSM DRI THRK T % [ 38 KB 134 sl 28 i T24E
LR, R IR Lz, 2 AL
RFT IS L TRIBER b, 20720, MR
HIE D ENN OSM DOIETCTIE, O @G Ev 4
P AMEERNIC RIS Uy R EGHNE O T ISHE i
KT 45, FEFED OSM 7Y V742 Tid. OSM
FHEEOEEMEYA b EZh DA OEEME YA b
#r L<IE, fEEPEADILENC R 35 B E DY
4 SRR INBVILF A PEFILBER IR TH
% OO0 ZDXS v LFHA4 bEFIIE, H—DRE
PA MOREEZEFE LY VYA PEFLICH LT,
VIialb—va VEEIXEWD., Y1 IR
EEFRTIDEDDD7-ODICKIBRDOBIIGEH L, £
OO E R A FETHIEH LEIIH AT, 22
TY VI HYA b ETFILO—ERZEIZL D OSM 1L
BICET L OFEE A 2 MG L7z,

RN, BEEAIFI L7z OSM %' 500 ‘C T Hy 3T &
N3 RO Ho WM i 2 IR A 52 osy & EFR L7z,
I, BEFRCHRIF L7z OSM I L SIS & <
OSM DERRIGAHE Z DIZHE NS ERME T 9 5 5F
PEEERB§272012, R1I12RTE512, OSM DIEIC
BOBDOWEEL T AT — SR EARE 0 o5 D—
BIBCHhHEE L, 2O E, T45bb. NP LT %
LF — DOEFFRERFNE o« EEFK L, ThiE
£ 2189 OSM EILKIE (R61~64) DH B, =T
HAH CO, CsHg. MU NH; TH3 R62~ 64 DRI
HERISEH L, ZThZPhoBER T A, EHE LT x
LFE — E, BOWHHEAL T 3L — O R RS 771
@ T iuity — v Clalk Rk Lz,

@Ce @0  Oxygen defect

[o0}
©

Actual activation energy
(Bgs(L-0t630cea04))  [kI/mol]

< b~
[aN]
Eq; =68
agz = 0.65
o
0
Oxygen coverage of OSM
HCeZO4 [']

1 OSM MFEMAL TRV — DEEREIFNE K71
EEZEBLEDVTIVHA METIL

ZDAERD—HlE LT, CsHg TD OSM DEIT
(R63) 12142 & S Dot LA R 2 R 2 1287,
2 O _FRHIETEMEAL = 3L — ik R AR (A7
EEELEN BN ETL= 20X Ttk Eh-y
YIMYA P BT TORBLAER T, V=Y (L) »5
)y I (R)IZUIEE 2 7- R O THC RS2 LA F2 5k il
I LTRELS D () L7225, B2 TRt
LA F — DB RENE R EBE L2 VoL
P4 PETILTIEEEAERE LS KL Wb
INF — DEREFE AT EFZBR L= Vo4 A
FETLTIEEs; & @ 63 13FNZN.68 kJ/mol & 0.65
T, V=6 vy FICUF b - 72HEE T OSM iE
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T2 W2 EOmMHAL T A F — (Ess(1- @ 43)) 1
24 kJ/mol EMK\MEEZ LS, ZD72h, V=5 v
FIZYIED - 72 EZD OSM D3EITCIZHER I HEFT
L. ZO%. BICKIBDOHEITIZHE OSM D R EdA]
EMME 42, A2 Eom b rnF -1k
68 kJ/mol FTH4IZ EH L, OSM EILO KIbd &
KL 5. ZOXIITHEMEL L F — DR EIH
JERAENE % B L2y v L4 BT TR
A2 &2 DO ZALE B[R L7 Z L2k b F2haks
RIS —H LB 272, U EDOXS #5513 C3H,
EXRICH A & LREHNCER 5912, RETCH A DA
VIR TR R TH - 72, 720 B3 IR T LI,
H,. CO. CsHg. # L <, NH; 238 ICH R & L= KE
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Sub.3) DETINZhEEE L, HEE R % FE Lz,

LNT D NOx OWa % < D5 ha ShT
B0, FEIEHTFLSRE IS U Kkt
THEZE L7z 3 D0 NOx W4 b & Z2h 6 DR 5-4
% NOx Wyek - BiaE R IR DET L O EER 4 128,
JeAriige P A2 E IS, BB TIOEE L,
PSR 2 6 WG 2R3 NO W o4 & (DL T,
[Pt-BaO %4 b &FkF) & NOMILICKDAET
NO, 23l & UTek Xhd NO, ek ¥4 b (LA
. [BaO %4 | &F59) 2ETMICHARAAL, B
12, F12200 CLLFTONO O+ b (BLF,
[S A L] EFRd) ZRlARA, ZHZHUZ NOx Wi
HREEFK Lz, £z, ZhoDyA OG5 RI6
AU TOESI2EFZ L, NOWH IZKMENO &
S ¥4 bRETCO R W - BiEE (R81) & L7z, NO
Wi [ s 13 50 NO & Pt-BaO $A b [Tl i)
W - IBEE (R82) & L7z, JefTi2e @12 Cld e
NOx & U THEAHBIE LRI IE A RE§5 & M5 LT
WM, ZTTITRTUERRIE & LT S b & Lz,
BaO %4 F OB 5425 NO WyEEfEIE. NO ffbick
% NO, 4% (R71). BaO ¥4 D NO, Wiz k3
i & NO DA RZIE (R83). XU BaO 4 A
50D NO, Jiid (R84) & L7z,

NO NO,
R71 R83 N()2
Ret R82 /R84
0, .
Nofg\ A\ BaO BaO \\O:
l

Pt-BaO site

S site BaO site

4 NOxWEETETILOEMEY A b & RIGEE

B 0 Feuk (2B L Cid. NOx Wk SIS D 3ib
P2 NOx FaflIE 128 < K175 Rk DT LI &
A1z, OSM DETFIALDOFIR A LT, Wk NOx
DR IS DT HEIL = 4L — 28 NOx FdflE D&
B ChBLEL. ZDOMEE ., $hbb, HHELTx
¥ — @ NOx fdfl {7 % y £ LT R81. R82,
T R84 IZHHASAAT,

FEDE3ITEF L= 3 DD NOx Wk 44 + DB
542 520K (R71, R81~84) IZOWTHEE
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ERAVICIHREIC 3B TR W20, TEhO KGO
FEEB A M ICHEE TS Z LR CTH B, — T
5 DO RIBOER T, WHHEL = Ly — KOWHHE
b= 3% — D NOx FIAEIRE M E B OAENT 17
DER Z RT3 Z L kA DD, R
HIPHAATE S Z LMK TSI U7z It i 4
RBEZELETE R 572, ZZ T KA b OWEELT
BN R B T EICEH L. FEEDOWREIROT —
2 DAEFINT, FIZIOD G0 4 7 K % R 12 [
L. TORIT, S E B DOGRHFI & 4L D IAAP
ST 17 OB A RIS R L Uz, BRI
T4, F1DONOx trap Hy DB fE R D 5 5,
100~200 CORERT — % 2T S H4 b D NO
et - il (R82) D E K & it by — MK DN
VZIRE L7ze I, [RAIEABRASE SR D 100 ~350 CDEk
BR A5 S A T Pt-BaO ¥ A b O NO W - it Bt
(R82) D B A PUCFE L, B2, 100~500 C
DORBEAER 2 VT NO 1L (R71). BaO ¥4 F D
NO, ek (R83). KT BaO ¥4 b D NO, it (R84)
D E B AR AE Uiz, F L TRIRIZ, 5 RIBIC
GEND 17T ERAEPICFEE LAEEhOEE L, B
SR 248 D A AT S ClRIRH S I b L7z,

5 5172 NOx DWW - BB G ET I IZE S NOx
I E DY I 2L —Y 3 YIERER 5128, 200~
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. M OT400 CLLETIZ BaO %4 kD NO, WAt
FHERLLTELE->TED, 320D NOx W+ b
DR L7z kS ITHERE L QB Z L A TR L7,
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Bz, ZTOEE T E B AR Lz,

OSM DFELETC K& OY NOx Wik - i it - 3EZ e s
B4 % s B o RlE TIEAF 3 1SR d, 551 H©
D Stepl ~15 D FNEIZHE Z. Stepl6~19 TOSM
D W b 3% JC. Step20~23 T NOx W i - i B,
Step24 ~ 25 TWE NOx & JC., I IZ. Step26 1
VIal—Y g VOKBHERE L,

ZOFMEIZHEN LNT TF L OER I B L7 EET
B MO FEE R4 18T, KIBABRO 2R TO
FEZE T RUT 70 BERTC. 3 40 BRI OZEERREIS 0 L
TR B &7 28 TH - 72, i sty —
MAZEBAET 26 Step DEIEMFZE & M EEX %
BT 120 B OMEFE TREAEL, mauEfky —uic
K2 A RS E O EEIRMIZ 6 EETH -
2o ARl & e b 2 A2 ko FEE T EiZ
190 R, PEEHARNZ 8 B TH - 72, k. LLED
TEZE TR & WIENE. M AD LNT £E7 IS LT
Rt D705 LNT i s B e $ & W E 3% 56
TH o> CAREENIF LB, KURELY —
VA3 Z LA RiHEE L=,
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£3 LNT (UTETIV1-5) ORSRETERDOREFIE

Test Name Identified parameter C])cﬁjnecfi[tii(;/ﬁ
16 OSC_H; Qosm» Asy, Esy, Agy, Egy H,, CO
17 0SC_CO sub. 2 Aspr Eean Vo2 CO, H,
18 0SC_C3Hs sub. 5 Ags: Esan Ves THC, CO, H,
19 OSC_NH3; Aess Eess Yea NH;, H,, CO
20 NOXx trap_H, Qs, Qo820 Psao NO, NO,, H,, CO
21 NOX trap_H, sub. 1 Agy, Ee1, Agirs Esrr Yaur NO, NO,
22 NOX trap_H, sub. 3 Agss Esr Agars Esors Ver NO, NO,
23 NOX trap_H, Ay, Evp, Agss Egs Agsr Esar Vas NO, NO,
24 NOXx trap_NH; Aoz Eoz, Agss Eosr Agsy Eos NO, NO,, NH,, N,O, H,
25 NOX trap_H, Sub-4 Ay, Eop, Agpr Egzn Ags, Egs NO, NO,, H,, NH3, N,O
26 NOx trap_CO Accuracy checking

£4 LNTEFIVERICETHEETHE B

Working
period
(week)

Man-hours
)

Working procedure

RUT NH3 faflE G L <SHESR) IRAFEEEAT
ZZETHEEDRENY I 2L —Y a YARTELEMRE
SNTED ., B L2 FEH» 5 8 24 MA VR ST
W 5z ) 105 keI Temkin isotherm

Synthetic Test 1-16¥ 40 EEEI, A — e R AOWEE RS R B A
GasBench |  Test17:20 16 2 JAE U B BAICHDAEF L THEE ST
festing Test 21-23 14 % P90 OSM % NOx Wk i #4 D € ¥V v & 1C
Parameter Stepl-15* 10 Temkin isotherm IZMIE T A K ET N A WHH T 5
optmization [~ " Tl AU O RIS L B AR %
checking | swpzo0 - 6 M5 Tk e LCRBMESSD . $7203aL—ay
: K & IR BADSETIL OIEVEDA L R RISAE I DK%

Reporting » WS e UCE RN AR, B 5E £ A7
total 190 8 LNT 5L & FHH 2% MBD ¥V — L & LCHER T
CREIROOBRICESC  AEA. EFLOERICEDS FIEAEM L. (F¥ T
KW % WIS T2 B H D, TNFETIZEZLD
5 =EE LNT EFLBRE SN TBIZE DL, LNT E

T 4 — YL R E O S E TA R 2% MBD
R % FZBET 37200y — )L LT LNT F)L 45
284, YIab—Y 3 VOREZTTEEL,
Y =)L ZAER T B DIZ B 75 3% 0 NI 2 Z b 234 2%
<, o, FiHTHBZ L ROOND, ZTD10,
LNT ®EFLIE—EDYIab—Y 3 VIEEERSED
D R EBFA TR s ZEnEF LU,

AHIZHITS LNT EFLO—DO0RE1E. OSM &
TCRIBDWEEL = AL F — I REAFE KA e &
Wi NOx O FEEED WG PEL = 1L — 12 NOx g1
WAy L2 TN TN ER L2 5 TH 5, FHPOKELT
HHl L LT, SCR(Selective Catalytic Reduction)
filfsE 12 kf 975 NHy O iEE g O b = xoLF — 12

TIL OVERRTFMERAESE T A AU 7= BliE e A L
W, ZO728 ., AROEE FIERZ OESE TEISxS
35470 & D B NEECH B8, AR TRIGET
U % AL U7z s B P > 7= s fb Y — b
kB EBTOEREEIZED . BTgEIcx LT
LI OEE L L MOHET LNT 7L OREE
ENTEBEHE LT, 2O LNT EF LI 505
B DA% FT B TOMEERETR LNT NS T B
LU I 2 FEBEHELRICIEH L 5720, BURT
L HAICHE T 2 DG ICH 5 TE S, LirL
ZO—F/ T, FUCT 4 — ELHBAPEREEDS 5, BRI
MBD G2 A THAIRE SCR v 2T 4 & B L
7286, LNT EF L OREEMEFEICITOT s OFHE
N—= 2 CEEDEE T RABEL TR, BabE 1Lk



1) =2 NOx bZ v TDEFTIAN—ZARERICEATHHRE (B2

ftreEhs,

LNTIZR6F, ZhETOMEET) v 7 D%
T OB 2 BFMER SRS LI 1 Shs
— T, EBEOMRB IO Y 2 THHATA7-0D3 X b
R B E SN T2 eh - 72, 5% D MBD
AT T ORI TE, Y32 —Y 3V
Ko AT s, EFMMERIZHT a2 bR
e S 22 BT CORBAEE LS
Zio6N5,

6 F&H

FZHY 2 MBD I3 LNT €7V OB 4+ Hi e
L7zBEticisnc, OSM % NOx Wit o vit:+4 b
IR NOx SRS IR 22N TN BETHZ L
X 320 NOx W v 4 b 2R DOMBEDOETIL % ki
L. U TFOmMA A7,

(1) NOx DU - BifE> NHs. N,O OHEH ZE#) 2L
LT DY H 2 EVEE T I -V g
VHAlHEZ LNT BT A HEEE L 7=,

(2) ZeRIbt v Hi2ks LNT fA o5 THEICEE
BHy E DA IV 7 E@miEEIcy I oL —Y g
VTCETERD, LNT OZ2BK FuHil i o B 7 1 16
TEBHZEERLT,

(3) LNT EF LD EDFEICIE 190 BEE OAE
FETH L 8 M OWIM %2 F L7-, MBD TOWHH
WA T, ZRODE A2 FENERE TH 5,

7 BHYIC

KifFE A2 FhE$512h720 ., fEORIEIZBNT,
2337 AR S BN 2 KA T 1407277
W, ZTICEH OB AR TS,

ATk B AR 2 S Vol.53 No.2 I1ZH5H#
NIz L MEBIED FRET580DTH S,
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DPF i@ fI B AERED PM A%V FRIETILDIBE

The Investigation of DPF Model Optimization on Temperature and PM Distribution
Inside of DPF during Active Regeneration

=Y

Keisuke Nakamura

W MEE]

Junji Sakai
ZE B

DPF @WL nTi}‘Zé%EE’)&L PM tﬁﬁ%i’nf
BA[RE % 3D-DPF EF L A58 L7, REFL Tk
FEEAERO DPF AW 77/, KU CFD gt
K0k DPF ALWrdmid s & AL, 26k
REHMBEEE LT PMBBRILIKIE ST A — & &I
b4 %Z ik aEflHA Iz 5 DPF NiliRE
KO PMBRAFKD A OEAAET L TTHTSZ L
MHRE LT 5 7=,

AN e

Naoya Ishikawa

NEE e

Hisashi Ozawa
Abstract

Optimizing of 3D DPF model about active
regeneration for helping DPF design process was
investigated. DPF inlet temperature and flow velocity
distribution of experimental results were entered into
3D DPF model.

Optimized 3D DPF model can simulate trend of
temperature distribution during active regeneration
and amount of remained PM after active regeneration.

1 12UBIC

% DF 4 — VLY D VPR BAPESEE IZ WG
T3 DPF (514 —¥ILiki -7 4 L& — : Diesel
Particulate Filter) %. e H 22 &5 PM
CRI T IR1'E, : Particulate Matter) % K5I
L= ifife U, HERE L7- PM 4 2 WIR9 IS fL i
FTEZENRARN L HENTH S, BILERE DI
DPF MAEEMTNh, KEdkHEA L. sfilHEo
OO HEY BH B, fiERTY UYL P Xh
3 EBEBRLYNO 28 DOC (F 4 — EIL Al it :
Diesel Oxidation Catalyst) DIEMIREEHEL T NO,
2Bt ch, NO, OFEILIIICkD . ki 250~
350 C CHALIR LD T 5, $E1E Post AR HE
’ﬁ%ﬂéﬁﬁ Z& D G Xk DOC TORRL KIG

kD BFErda 550 CLLEICHE X, PM3FiC
@ﬁiao)ﬁm;b@%tﬁfféhéo ZORE, EET
FEIRERA] I PM WAt e % AT 857280,
PM OHERER (KA &) P 2B IZXk - T
%ﬁﬁﬁ’]lam/mt&éi Hhn0 P DPF O (V.
elhr) 2L GEDDH 5, RETERFE 2B TIRBIY
HELHAEMEAZMA D OWEAE ALK I
DPF OFERBIREZHRE I, FEEER»6Z
NoERETHITIIFFIZL DT %I %, DPF
PEBD PM HEFE =55 Al _OL YR ZhE TIEmEE T
T3 PESMEBERE O X528, DPF 44
DOMEIZ& > THEME N2 58O E D 5.,

ZMﬁEJ"C‘ 3. FEHI LR AR T PM BRLRISD
ICRET AW A L AR DPF N PM
\%ﬁ% 3D 12 ETF N AL, ARG T
B IC G322 L2 RMEHNE LTS, KT
IEFEERINIZ KD DPF ALDEE 5544 AL, 58
HIFERT# O PM HERGE R OFLHIRE R 2 H Bk & L
T DPF E7LD PM BBALIE, ST £ — 2 % fedfb L
720 TNEDOFFE L WA HZDOET NG IZDOOTHE
35,

2 DPFOEFVUVITHE

2.1 {3 DPF 114

AWfE i3/ NMUBHE O DPF # 1 R% & LTET
VU7 &4 o770 4% DPF Otk A#FR 1 1R T,

=1 K DPFT

Cross sectional shape Oval

Major Diameter<Minor Diameter 165.1x122.0
xLength (mm) x190.5
Volume (L) 3.0

DPF wall thickness (mil) 11

Cell number (cpsi) 350

Porosity (%) 42

Material Silicon Carbide

t g s e

w1 U EER A
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2.2 DPF B&EHBRT —2DAIE

FEEEF — A PEICH LTy D VAR 2 1R
L. kDT I U2z PEs e AU E 4 K] 1
12789, DPF E#iiiC DOC % %) 7= Pe i AL B s i
#HW, NOy 12k PM B 28 4 32 1 e i il
W, FTE O PM HERE BT 9B R EAKISE T
& CEEERL (1,200 rpm. (KEAMELR, PEXRE
100 ‘CFE) 12C PM HEf& & 475 7=,

®2 #HEICIUVET

Engine Type DI Diesel
Cylinder number (-) 4
Displacement (L) 2499
Max power (kW @rpm) 120@3,600
Max torque (N * m@rpm) 400@1,400~2,000
Fuel injection system Common rail

3 y Inter cooled
Al te

ir charging system oosge —
Regulation level Euro V

Measuring point of
DPFinlet
temperature

tailpipe out

@ PM HERE I, PM HERGRAB T2 O E &7 &
DEH L, iy Y Y Tld Post ESHZ XD X 1
1278 L7 DOC-DPF [ CTHlE <3 et ## 255
(DUP. THAEHEERE ] &Frd) 2fERomE (550
~600 C) (25 LTl A 21T OilBE% D DPF
HENPOBRAKR 572 PM ®2RDEHZETX (1) IR
Shs DPF FAEHRZEN Lz,

DPF 13 (%) =PM #5EE () /PM W& () X 100 (1)

PM H:f% -DPF B EDRE a7 » A L AK 2 i
N,

PM Loading Active Regeneration
‘ :

Start of
Temperature Raising
(Post Injection)

DPF Inlet Gas
Temperature / °C

Elapsed time / sec

2 DPF AOHREEHIZHEEX
(PM H#55:B1% -DPF B41812)

2.3 DPF RERD PM HBEED AT

FARTO DPF A PM HERE AR 12D TE, mild
DOFEFLGAF T PM HERHEAEE 1T > 721%. B3I T
£IIZDPF #47#|L, X274y MCHERE L PM
WREEAZEN L, R AV O PMHEEBED
DPF WERIZH % PM HER & 55 A & 81 L7z, f52E
%D DPF W PM #ERE 5 Ao Cid, B2 0 PM
HERE, DPF a@il A 2 8 LT, 2220 o
PM #f w225 . DPF NEBo> PM HERG &340 4 8
L7z,

Weight of DPF Segment (Before Removing PM)
@ - Weight of DPF Segment (After Removing PM)
= PM Loading of the DPF Segment

3 DPFAICHITS PM #HIBES R OBIET &

2.4 DPF ®EFIVEESFIE

AWRETIHIROPERBAEL S I 2 v =2 3 VY T
[ T®»% Exothermia S.A 1@ exothermia suite %
/=, [V 7 b @ DPF £5FL & f V724 T-IERE
WA 2.41E~2.45BII177,

2.41 DPFREMBEDAS
RVITRLZ3C A A ETIMIZA S Lz,

2.4.2 BEVFHEEBEOARD

DPF 41 (SiC). ' x v rEOEEERE (Cement
Jig) . SEfEhs (RERRAE) . r—> vy (ZFvL ) O
B BERBUIM B IG U w2l 4 # IR L A ST L
77,



DPF J#HBERD PM R A7) FRIET VOB

2.4.3 DPF AOZRDFRES

HAERORERAS Y MBI B ER H 2E, KO
WEIZIHT S DPF AL O ¥ s34 2 3D CFD
(Bitiyifk 115 : Computed Flow Dynamics) g5
KRz, RERA VL (I~IV) 2R 412787,
11278 U7z $ LR 36 2 4R O il 48 2 IR 1S A6,
DOC K& U DPF I FB Al WA ¢ L1 L7z K pifl
25 ATHEET - 7 sHREERO —HlZ2E 5 1R
T
SHEOEER NI Z I 2 F0E % 0 Th D RIFFOMjEER
RO Z R LTOBH, RIS — s
EIRL TSI bbb, fibd& 5D . DPF #iZid
YU A5 2 T L THD ., DPF AIRIZHWTHR
WHQ— LI TWa7=ntEioh5, ZOLSIZL
CEW L7208 i 2 DPF €7 LICA S L=,

I

f I: Before Active Regeneration
| II: Temperature Raising Process
II1: Highest Temperature Point
IV: End of Active Regeneration

DPF Inlet Gas
Temperature / °C

Elapsed time / sec

4 3D EFIVERICAVWEE RUHEEH X RE
PRBES(IVT

! 40.0 @
o from engine out
Flow Rate Gas flow direction
(m/sec)
0 3.9 4.2
tailpipe out it Flow Rate
== (m/sec)

5 RESMEERER (X4 OMEER)

2.4.4 DPF ®EFIVAODEESTHASN

DPF E7NIC AJI 32 E8) 4 2 O i & 55 A 13
DPF ALIORAEHRE ZFHIL, 23Ul <IRE
DA %G Z 7, B 6 1 EHIE AR A v ofE (E
A @) IR U7z I L 2 B B S
KBPEH A ZTNAD B A Z R LT, KTl
X 6 12l AL E SR Lz, RBIE RSy DM E
X LD MY Bk ER, Y fl k0 AN Y fld
A& LT DPF EF LD ASMEE Lz, F72, HllER
4V FREOWERE 12N TR 2 17 - 7=,

Y
—ve| la]
L ] 'f Ib \
fe N
ol e |/
\“‘L‘T’/

6 DPF AOMTEICHT2:EEBIE S

2.4.5 PMBLRIC/NZ X — 2 DRE(L

1B 2BV RN X512 DPF O 4 KR
MR (250~350 C) 12T NOy 12k Bt ah 3
AR L B (550 C~) fHk TR IC X D iRl
SNBEIHERD S, Shl, ETV VIO L L
2R O R R Tl NOy DFELE MK <
PM L BEDRILDH XN ThHDEE Z 55, Al
W AMOKRAE B E LT (2) TR ED H—
DRIBREIE L7z, 2N (2) DG ER (3) TR
S RSHE E R k 13 Arrhenius 2 (4) TR &Ehs,
HITERA T A B3P L =L ¥ — Ea 28K E L=,
K (4) IZBWT ReRMAER. THERNRE TH 5,

C (PM) +0,= CO; 2)
-d[PM] / dt = k[PM]“ [02]” (3)
k=Aexp (-Ea/RT) (4)

R FE R 2360r 5 DPF 5 MO E AR s+ E
AR XL, FHERECIIE T AV FNIZET 5%
DHERLWwATHD, H—DRETIEEsr 2V N
D) 7 PM BB AL IS A KRB C&E 2] gEYE
Wb, TD7=D, X (4) D 2 ZR & w3 2 B,
7 D% LI TR LIRS A Y b NOWREELELAS
INEOWHULED YR XY MZDOWT 2.3 Bzt L
2R CEERIE A U, FAERTRO PM HERE &
7% (=PM #hbes) #HBIKE L., BIZ7LT) X
L% FHOCTIRELEH R AT 5 72, K22 b DR
LA, BHRE A 2Bk § 5729 0D ET LTI -
720
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Gas flow direction

Nl

v

7 PMEERER/NTX —2FZE{EICAVE
PM H#REET A b

3 DPFB4&HBRER

3.1 B4HI0O DPF N PM #HEESH

T HE G R 4.9 g¢/L @ PM % DPF 2 HE R X 4,
2.3 EilZ TRtk L7278 T DPF NEB PM HEfd &4y
iz K=, R8IZ/R L7 4 Wil 3 A ik
A —KTELZEODERE 9 L L, KHFTIE, L7 AV
MO PM HERE SRR 217 > T 5,

ABCD
/(" =

o 0

v

Elbwd §
ABCD

8 DPF AOfIKEICHITS PM HIEEH MRS
HfriE

Gas flow direction >
C i
A BE E. D’
B’ C
0 0
PM Loading (g/L)

9 PMHERFERO PM #HEEDH
(K8 PM H#FEE:4.9 g/L)

9 L0 FHfllo PM HERE R 23 2 <. JBfrif

O La—DEETH 5 Z Ehbhd, Kkt Tl

DPF DM PMHEREAZEL2ZLAICBWTE

DPF PR PM HEFE & 55 A 13 R % T 5 L AIRGE L.
DI O®GS %47 5 720

3.2 DPFEHBAEFDEEDH

AW CITHEEHARE EDPF AL A A il f#
J§ ) 550~600 C. T 4 #ii © PM H#t ff & 1%
3.1~8.1 g/L O#HiPH TikBR % 17 > 72 B 10 1135
AR 575 CHAERT PM HEfg R 4.9 o/L &A%
THREIEAE %17 5 72550 DPF AL 2 O 15
K OB 6 128 L7z ¢ & 55 h OWEHERE 2 7R §,

—: DPF Inlet gas temperature(Target temperature)
—: Temperature of measuring point “c (El6+)”
—: Temperature of measuring point “h (El6#)”

800

Temperature / °C
B o
[— [—]
e &

(=
=
=

200 400 600 800

Elapsed Time / sec
X 10 DPF &HIBEHRICH T2 RBRADEEHKTE

S EWVIRE 2T OO R ¢ OIRE X DPF
A7 Z R L 100 CRE SV, —7, R BIK
WEETHEREMRHOM “h” Tid DPF AOH 2
HIRAER S & i LT 50 CRERWMEE R LTED,
b — A EOWEE 1L 150 CREDXERBH DI L
MR TE S,

3.3 DPF OB4EFELBERDO PMBRZKY 2%

ARG TIE. 2.2 81D A THEERARIRE 575 C.
FHEREM 6 min £&fF. FiZERT PM HERERE 4 4.9 KO
8.1 g/L @ 2 KUED T PM HERE & 5346 % K67z,
HA#%O PM HEREE MG IZOWTR 8 T/R L EHE
Ji 4 Wrfiickir 52y 2 —XTELZEDOER 11 K&
UE 12 1287,

Gas flow dlrecnon

PM Luading (g.-"L)

11 DPF B4&#0D PM HEED
(4T PM HREE:4.9 g/L. 575 °C - 6 D HAER)
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Gas flow direction

b—-ﬁ&—ﬂ“

PM Loading (g/L)

12 DPF B&£#%D PM #BES T

(B4ER] PM H#EFEE:8.1 g/L. 575 C - 6 2 HAER)

& 11,

ErChdZenbrd,

DT RE N8I

PECEZ &I

K12 WIFhoda

IZBWTE., oo
PM B AFmA D5 FHEMHED PM AT RS Z W
ZHUIE 10 TR L7k,
SR A H O DPF GBI (344SR K0 & sk
HULER & A1 FEIER OO R e s (2 S5 5
LR 2EE 2605, F&3ITIIE 11,

12 1R L7 AR CORPERZ R T,

FOMD FFE SO L E R DAL T R4
DOERENSHIE Lz, T3 DMEREEDTHELD—

HaR4I8T,

*£3 BHEEMHEVIHITS DPF B4R

PM loading PM loading Regeneration
before regeneration after regeneration rate
(@L) (L) (%0)
49 LS 689
8.1 24 70.7

x4 PMHEE. BELXGIELD DPFB&EER

DPF inlet PM loading Regeneration

gas Temp. before regeneration rate
(@) (g/l) (C]
550 7.8 472
575 31 58.1
575 49 68.9
575 8.1 70.7
600 31 81.5
600 5.2 80.9

F4 X0, HAR PM HERE & HEEHERE 2 4

RIZHLG L TCWBZErnbrs, Ziuk (3) 1
% PM & : [PM] o840, R (4) 12
HOERELTRIDEE N KRTEZ NS

%o

4 alb—Y g iR

\I

\'/
nm

4.1 BERIO PM HIFEDH
FERAERIZH DN DPF ALIOIRE 54 & AT
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Abstract

In the pressing process, we perform an inline
inspection to confirm the quality of the products after
molding. For example, during the visual inspection,
inspectors check for various defects such as cracks,
dents, and distortions of the items by visually inspecting
each piece. One of the challenges with visual inspection
is that inspectors sometimes overlook critical defects
that cannot be corrected in subsequent processes,
leading to the disposal of the final product, which in
turn lead to significant financial loss. Increasing the
number of inspectors or adding more checkpoints might
be considered to prevent that, but it would result in
higher costs. Therefore, we have developed and
introduced an in-house system that uses AI to
automatically inspect images in the inspection process,
and this report outlines our findings.
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Efforts in the Development of Resin Injection Foam Molding Technology
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Abstract

This paper is about efforts to lightweight interior
door trims, which are resin-molded components,
contributing to vehicle lightweighting. Foam molding
technology aimed at weight reduction has been
increasingly adopted in the field of resin molding.
Isuzu's in-house manufacturing facility began prototype
research in 2011. The paper outlines the efforts made
towards establishing the methodology for the initial
adoption in the new Elf model.
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Light Duty Battery Electric Vehicle -
Battery Degradation Modeling

Sparsh Saxena™ Bharat Kudachi*

Santhosh Pasupathi * Gerald Bergsieker *

Abstract

This paper presents a case study conducted by Isuzu Technical Center of America on calculating Lithium-ion
battery degradation patterns. For hybrid electric cars, plug-in hybrid electric vehicles (PHEVs), and all-electric
vehicles, energy storage technologies, and batteries are often necessary (HEVs). As soon as these batteries are used
for the first time, they begin to deteriorate. This is due to the battery’s inherent chemistry which results in inevitable
chemical reactions that happen inside the battery while it is running. ISUZU engineers are using the GT-AutoLion
tool to predictively model the electrochemical processes within Lithium-ion cells using a fast and reliable,
electrochemical, physics-based approach and real-world battery information. To feed this tool, we gathered valuable
battery information from a light-duty BEV Prototype. The information was recorded at 3 different milestones: BOT
(beginning of the test), 7,500 miles, and 15,000 miles. After analyzing this data at each milestone, the battery
degradation pattern was studied and further this data was used to validate the developed battery model. This
approach ensured that the simulation results was consistent with the actual data collected.

Note: All the scaled results showcased in this paper are representative values and not the actual production vehicle performance.

1 Introduction 2 The surge in Lithium-ion usage

A class of rechargeable battery types known as
lithium-ion batteries transfer lithium ions from the
negative electrode to the positive electrode during
discharge and back again during charging. The many
varieties of lithium-ion batteries have different

chemistry, performance, cost, and safety properties.

Li-ion batteries provide several benefits over
other high-quality rechargeable battery technologies
(lead acid, nickel-cadmium, or nickel-metal hydride).
The energy density of these batteries is among the
highest available (100-265 Wh/kg or 250-670 Wh/L)).
Additionally, several companies are actively pursuing
the creation of revolutionary electrode materials
based on both insertion reactions and predominantly
conversion reactions, solid electrolytes, and lithium
metal anodes to increase energy density or improve

the performance of batteries.

Since its development, lithium-ion technology has
been employed in a broad range of products, from
large ones like electric cars, ships, and airplanes to
little ones like hand tools and cell phones, etc.”. Tn
the current automobile industry, all the main OEMs
are aiming to develop electric vehicles (EV) with
zero carbon footprint, to achieve that goal lithium-
ion batteries with higher energy densities are being
used to meet the high-power and energy demand
in the EVs, additionally, these power sources are
also anticipated to join the utility business for
grid-energy storage”. One of the biggest problems
with lithium-ion batteries is battery deterioration,
which is difficult to pinpoint because it can be
caused by a broad range of factors. However, the
main factors that impact battery health and cause
battery deterioration include operating and storing
circumstances such as overcharging, deep draining,
charging at a high C rate, storing at full SOC,

and operating and storing in hot temperatures

* Isuzu Technical Center of America, Inc.
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Battery deterioration is also brought on by internal
chemical processes such as corrosion, SEI layer
development, and damage to the anode’s crystalline

structure.

The degradation is divided into three stages:

acceleration, stabilization, and saturation. It's
very critical to decide on the length of the battery
warranty, which will influence the sales of the product.
If the warranty is short, customers might not buy
the product, but if the warranty is too long then the

company might pay too many warranty claims.

The EV’s automotive engineers are not particularly
knowledgeable when it comes to battery development;
instead, they commonly purchase battery cells from
various suppliers and incorporate them into the final
product Y. However, battery life and durability can be
accurately predicted using software battery models.
Battery modeling is a useful technique for replicating
the fundamental characteristics of batteries that depict
their physical boundaries and their behavior under
various situations 2. The most precise and complicated
model in the current study is the electrochemical
model. We have developed a predictive electrochemical
model for lithium-ion batteries using the GT-AutoLion
software developed by Gamma Technologies. The
projected repair costs and battery life of the battery
packs used in ISUZU electric cars can then be predicted

more accurately using these predictive models.
3 Database for model calibration and validation

To validate the battery model performance, we
have created a database by installing data loggers in
an Isuzu prototype BEV to continuously collect data
from the EV truck, and the truck was subjected to
run in real-world following a preset delivery usage
profile making it more realistic scenario for the LD
truck usage. During the run, multiple sensor data
were recorded, the power drawn from the battery
pack being one among them. This data will later be

used to run the software model.

Three milestones were set to perform the static
capacity test on the battery for degradation, The
Static Capacity Test measures the charge and energy

capacities of the battery between maximum and

minimum cell voltages (4.05 V and 3 V respectively)
when discharged at a three-hour (C/3) constant current
rate. The first milestone was at the beginning of the
test (BOT), the battery was tested to mark the actual
staring capacity and open circuit voltage (OCV). The
second milestone was after running the EV truck for
7,500 miles from BOT and the third milestone was at
15,000 miles from BOT as shown in Figure 1. At each
milestone static capacity test was performed on the
battery, and the real-world degradation factors were

analyzed based on rated capacity.

EV Durability Test

18000 oy
. g‘:uszum Miles
1600 S St
|
14000 —t—
Phase 1 End March 2020 - 11540 Miles S.’
12000 '/ [—
10000
H s Now-18,8475 il TR
i : : 18, 847 miles,.
nE w Battery EOT Tast Y Dunbiy Pae |
000 4= - = EV Durability Phase 1
0m
May-18, 1348 miles,
R / BATEYBOTTES

Dec-1?  Aprlf  JubiS  Oc-18  Feb-1S May-1S AuglS  Decl8 Mar20 Junl0  Sep-20
Tieneline

Figure 1 EV prototype test program milestones

Figure 2 shows the battery OCV vs capacity curve
at BOT; after this, the battery was again tested after

running the vehicle for 7,500 miles.

BOT Battery testing

E Voltage (Volts) §

20 40 60 80 100
Capacity (Ah)*
BOT

Figure 2 OCV vs capacity curve at BOT

Figure 3 shows the OCV vs capacity curve at
7,500 miles. The usable battery capacity decreased
rapidly from 100 Ah to 91.90 Ah. This is a noticeable

8.09 % decrease in the capacity of the battery pack.

Capacity (Ah) vs Voltage (BOT and 7500 miles)

20 40 60 80 100
Capacity (Ah)*
—BOT — 7500 miles
Figure 3 OCV vs capacity curve at 7,500 Milestone

§ Voltage (Volts) &

o
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As the prototype reached the third milestone, the
battery degrades further by 2.33 %. The Figure 4
shows the OCV vs capacity curve at 15,000 miles
compared with the BOT and 7,500 milestone value.

Capacity (Ah) vs Voltage (BOT, 7500 miles and 15000 miles)

—
1] 20 40 60 80 100
Capacity (Ah)*
—BOT 7500 miles —15000 miles
Figure 4 OCV vs capacity curve at 15,000
Milestone

The static capacity tests performed at BOT and
7,500 miles were done at Intertek testing laboratories
company and EOT (End of the test) was performed
at SWRI based on test procedures from the United
States Advanced Battery
Vehicle Battery Test Procedure Manual 7, and pre-

Consortium Electric

released USABC recommended testing practices at

the time of testing.

In the entire demo program as the battery charge/
discharge cycles increase, degradation takes place.
Collecting this data will help us to calibrate and
validate the predictive model performance.

4  Development of the battery model

We developed a battery model which is accurately
calibrated to map the OCV and capacity of the battery
pack during the BOT. The BOT-calibrated model
can generate the OCV maps and battery capacity
curve which are very similar to the BOT test results
in the database. After BOT calibration this battery
model was integrated with the EV model as shown in
Figure 5. To simulate the degradation pattern, the
milestones here are the same as those set in real-
world testing. This battery model was set to account
for SEI layer growth and anode isolation which are
the major deterioration factors in a battery at the

initial stages.

GT Autolion is 3 trademark soltware by

BOYCer.  Wegaas |:
1 A4 3N
E —
R

H
!

Figure 5 Battery module in GT-AutoLion and
internal parameters list

The battery model parameters were finely tuned
using the design optimizer, wherein we need the
battery pack voltage curve output of the model
to match with the test data at the same discharge
rate, and the capacity of the battery pack must also
match the test capacity. Among multiple methods of
optimization, we chose the RMS optimization method
to match the OCV output of the model to the capacity
of the battery pack. Since decrease in capacity and
fading voltage is the result of battery degradation,
the main objective of the RMS optimization method
is to minimize the RMS error between the simulation
OCV and test OCV. This method will yield more

case-independent correlations with the test data.

Using the RMS optimizer, the capacity loading,
cathode thickness, and anode thickness were optimized
based on the battery limitations. At each milestone,
the battery was tested by a constant discharge rate
of C/3. This test was also used to validate the
battery models developed, where the capacity of the
battery is obtained by integrating the current flowing

through the battery over time.

Table 1 shows the battery model parameters that
were optimized using the DOE optimizer tool using

the RMS optimizer technique.
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Table 1 Battery parameters initialized
DOE Optimized Parameters unit
Capacity Loading mAh/cm?2
Outer Thicness mm
Cathode thickness microns
anode thickness microns
N/P ratio fraction
Jelly Roll Thickness mm
Amount of Li lost due to SEl grouth isolation A-h
Amount of Li lost due to Anode isolation A-h

A virtual model of the ISUZU EV prototype
as shown in Figure 6 was developed using GT-
SUITE which accurately simulates the system-level
performance of the prototype. This model was then
fed with the data collected in real-world prototype
testing. The power request from the battery model
and the charging cycles is calculated from the CAN

data recorded in the database ",

I L

I ™ T GT AutoLion s a trademark software by

|
Figure 6

Battery module integrated with
Vehicle model

5 Key Parameter Selection for Drive Cycle

Generation
51 BOT
5.1.1 BOT calibration

The next step in the battery studies is to simulate
and validate the predictive battery model using the
performance and efficiency data obtained from the
data collected from the prototype. Further, the
cycling and calendar aging studies on the battery pack
will be validated using the test data obtained through
BOT and EOT testing at Intertek and SWRI. These

test data were recorded at each milestone.

The objective of BOT calibration is to match
the OCV output of the battery pack model to the
capacity of the battery pack since battery degradation
results in reduced cell voltage and capacity fade with
respect to the cycle number. Figure 7 shows that
the simulated capacity of the battery pack model is
100 Ah at the BOT, which correlates to test data.

BOT Calibration

/

ﬁ Voltage (Volts)

1] 20 40 60 80 100
Capacity (Ah)*
~—Test Data at BOT Simulated BOT

Figure 7 Simulated OCV vs Capacity curve at
BOT

5.1.2 BOT Validation

The calibrated battery models were simulated to
run for the same cycle as the test data and performance
was simulated to compare with the raw data available
from EV prototype test data (Figure 8)°.

2

Mhadel Tt with Rirw dats a4 baigal

=

EE

= o

PRERSENIRT]

Figure 8 validating the vehicle model by
running the model on raw data
recorded during the real-world test

The efficiency of the battery pack recorded during
the BOT test was 100 Wh/mile and the simulated
efficiency was 100.65 Wh/mile, it is observed that

the difference is less than 1 %.

All the efficiency values shown in this paper are
scaled using equation (1) to protect the true values
from being published, However, the scaled values are
different from the actual numbers, but the ratio
shown in this paper is the same as the data got in this

case study.

actual simulated value
sacled values = x 100 (1)

actual real world test data
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5.2 7,500 miles

5.2.1 7,500 miles calibration

The battery model is set to account for parameters
like lithium-ion loss due to SEI growth and anode
isolation. The vehicle model integrated with the BOT
calibrated battery model is run for 7,500 miles to

observe the performance of the battery pack at the

end of the 7,500 miles ™M°.

After simulating the model to run for 7,500 miles,
the degradation patterns were observed. The battery
capacity was found to be degraded from 100 Ah
to 92.20 Ah as shown in Figure 9, also the SEI-
growth layer and anode isolation increased due to the

charge/discharge cycles.

7500 miles Calibration

500
z
-4
sl S —
§ R
250
o 20 40 60 80 100

Capacity (Ah)*
——Test data at 7500 miles ——Simulated 7500 milestone
Figure 9 Simulated OCV vs Capacity curve at

7,500 milestone

5.2.2 7,500 miles Validation

Figure 10 shows voltage, SOC, and current
curves simulated when the calibrated battery pack
is evaluated by running the model on a drive cycle
that the prototype vehicle drove initially after 7,500
miles test in real-time. This test was conducted at
curb conditions, and the auxiliary system’s power
consumption was calculated using the actual CAN
data recorded during the testing.

)
L Lo 4 o _P‘: + e
§ o Vi Wiy
S
0 1000 2000 3000 4000 5000 6000 7000
Time(Sec)
——Actual Voltage ——Simulation Voltage

1] 1000 2000 3000 4000 5000 6000 7000
Time (Sec)
——Actual SOC ——Simulation SOC
3
3

0 1000 2000 3000 4000 5000 6000 7000
Time(Sec)
——Actual Current ——Simulation Current

Figure 10 Comparison of Voltage, SOC, and
Current from the simulated and test
results

The scaled efficiency of the battery pack recorded
during the end of this test was 100 Wh/mile and the
scaled simulated efficiency was 99.82 Wh/mile, it is
observed that the difference is less than 0.5 %.

5.3 15,000 miles

5.3.1 15,000 miles calibration

The next milestone after running the model for
7,500 miles, is 15,000 miles. The same Battery
model is further subjected to aging calibration for
15,000 miles using the experimental test data from
the battery pack used in the EV durability test. As
seen in Figure 11 the capacity of the battery again
faded from 92.20 Ah to 89.75 Ah, caused by battery

degradation .

15000 miles Calibration

g

Voltage (Volts)

250
(1] 20 40 60 80 100
Capacity (Ah)*
—Test data at 15000 miles ~——Simulated 15000 milestone
Figure 11 Simulated OCV vs Capacity curve

at 15,000 milestone
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5.3.2 15,000 miles Validation

Figure 12 shows voltage, SOC, and current
curves simulated when the calibrated battery pack is
evaluated by running the model on a drive cycle that
the vehicle drove lastly after 15,000 miles test in
real-time, this test was conducted at curb conditions
+ 1,100 pounds and the auxiliary system’s power
consumption was calculated using the actual CAN

data recorded during the testing "',

0 1000 2000 3000 4000 5000 6000
Time (Sec)

Actual Voltage

-Simulation Voltage

] 1000 2000 3000 4000 5000 6000

Time (Sec)

——Actual SOC —Simulation SOC

g £
£ 1 I Lol 1L ] I |
g [
3 I A i
1] 1000 2000 3000 4000 5000 6000
Time (Sec)
——Actual Current ——Simulation Current

Figure 12 Comparison of Voltage, SOC, and
Current from the simulated and test
results

The scaled efficiency of the battery pack recorded
during the end of this test was 100 Wh/mile and
the simulated efficiency was 100.94 Wh/mile; it is
observed that the difference is less than 1 %.

6 Results

We have successfully developed a predictive high-
fidelity battery model that can be used to understand
the battery limitations and provide insight into
battery degradation patterns. The battery model,
when integrated with the already verified EV models
and with the actual customer data in hand can help
predict the battery life cycle and the degradation

based on continuous usage.

Table 2 portrays the difference between the real-
world test data collected from the prototype and
simulated data from the developed battery model.
The scaled energy efficiency values are calculated
using equation (1). The predictive model was able to
accurately follow the battery degradation pattern as
per the database rubrics. By analyzing the accurately
estimated battery degradation patterns, ISUZU will
be more confident in selecting components, estimating
warranty for the battery packs, and helping perform

the system-level performance analysis.

Table 2 Compares battery capacity and
energy efficiency values for test and
simulation model at each milestone

_ Battery capacity (unit = Ah} | Scaled anegry efficiancy values (unit = Wh/mile)

Realworld Test Model Data| Real world testing  Simulated model efficiency
BOT 100 100 100 99.82
| 7500 Miles 91.908 92.208 100 100.65
|15000 miles. 29.759 89.75 100 100.94

Note:All the scaled results showcased in this paper are
representative values and not the actual production vehicle

performance.
7  Future Scope

By using the already verified models we plan
to develop a control strategy/algorithm as shown
in Figure 13 that can simulate the battery power
and discharge cycles to act as a cyclic counter for
battery degradation. We will be able to observe
the battery performance for extended periods of
operation (50,000 - 100,000 miles) and estimate
SOH. Thermal functions to induce different ambient
conditions can be simulated. ISUZU has data for
different seasons of operations (Winter and Summer).
Battery performance can be observed for any specific

region of operation.

Figure 13 is an example of a current control
algorithm replicating cyclic charging and discharging.
The battery power request has been obtained from
the raw data of the EV durability test at ‘X’ miles.
The battery power and the charging data are fed into
the model and the model is controlled by the specific
control event managers to replicate a day of real-
world usage. A look-up table oversees the overall
miles traveled/cycles completed by the model. These
cycles and miles are then correlated with the EV
Durability sheets to change the parameters and

observe the performance.
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Figure 13 Example of a control algorithm
to replicate cyclic charging and
discharging

8 Summary and conclusion

By predictive verification process, we plan to
simulate the battery model integrated with EV models
to run for high mileage and determine the warranty of
the battery pack using advanced model-based design
techniques discussed in this paper. The conversion
and successful replication of the physical degradation
pattern of a battery to a chemical-based model, allows
us to expand the model-based capabilities to the point
where battery studies such as battery management
systems (BMS), thermal control systems, etc. are
not limited to environmental constraints and physical
testing. Isuzu is currently working on integrating
these models into its development and research for
the EV domain.

Note: All the scaled results showcased in this paper are
representative values and not the actual production vehicle

performance.
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Abstract

When commercial vehicles have less than ideal lateral dynamics traveling at high speeds, those dynamics can
sometimes be a significant factor in serious and fatal accidents that occur. The primary goal of this study was to
create a validated vehicle dynamics model to aid in handling evaluations and a validated model that can play an
important role in accurately predicting the movement of the vehicle in limit conditions. The model is used to
simulate the effect on roll gradient by altering spring stiffnesses and adding a rear stabilizer for a class 6 and class
7 commercial vehicle (CV). Outputs from 4-post Kinematics & Compliance (K&C) tests of a prototype vehicle were
used to model the suspension system. The tire model was developed in collaboration with Calspan ' using physical
tire testing. The vehicle masses, inertias and stiffnesses were modelled using IPG TruckMaker for Simulink
(TM4SL) ®. A constant radius turn maneuver was simulated using TM4SL, and MATLAB ® was used for batch
processing of simulation results. Simulation results were then compared to field test results to correlate the model.
Once a successful correlation was achieved spring and stabilizer bar stiffness could be altered within IPG and their

effects on vehicle handling could be analyzed.

1 Introduction

Model (MBD)

effective, time saving approach to study performance

based development is a cost
and evaluate suspension and chassis changes in early
stages of vehicle development. This study focuses on
using MBD to help evaluate changes to the suspension
system in class 6 and class7 commercial vehicles. An
SAE paper by Mark Sherman and George Myers
shows the benefits of MBD. This paper provided a
baseline to the vehicle dynamics modelling of class
6 and class 7 commercial vehicles: it showed that
modelling medium-heavy duty vehicles and simulating
their handling responses can significantly cut down
on testing and development time and cost. This
model will help in determining the most cost and
mass-effective solution to improving lateral handling
dynamics. Using MBD for this study will reduce the
time, cost and resources that would traditionally be

used to in evaluating suspension changes.

2 Modelling Approach

In IPG TruckMaker for Simulink was selected
as it has several vehicle dynamics-specific modelling
different CV
detailed tire model integration, suspension and axle

capabilities such as: platforms,
modelling of varying complexity and user-friendly
test and maneuver setup capabilities. TM4SL uses
Simulink as the master simulation platform and IPG
simply provides a GUI for model parameterization
(an example vehicle model shown in Figure 1). The
benefit of this is that it allows for custom Simulink
models to be included when the IPG platform does
not provide a template that is appropriate for that
specific system level model. It also provides the
possibility of overriding many of the quantities
calculated internally by TM4SL. An example of
this is the braking system, which will be covered
in a later section. The following sections describe
in more detail the modelling approach for the tires,

suspension, brakes, and other miscellaneous items.

* Isuzu Technical Center of America, Inc.
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2.1 Tire Modelling

National An MF6.2 tire model ” used in the model
was developed with the help of Calspan Y, although
a few alterations to the tire model were required.
Neither rolling resistance nor damping was not tested
for, so the initial tire model had approximations for
both values.

To obtain more accurate values for the rolling
resistance coefficients for use in MF6.2, ' they
needed to be re-calculated based on rolling resistance
coefficients provided from the tire manufacturer.
Initial constant speed simulations were performed
using the original tire model provided by Calspan ™.
The rolling resistance torques were then extracted
from the simulation results and then compared to
a theoretical rolling resistance torque, which was
calculated as shown in equation (1). Where: R_0 is
the unloaded tire radius, F_z is the vertical load and
C_rr is the rolling resistance coefficient provided by

the tire manufacturer.

The simulation rolling resistance torques are
calculated from equation (2), which was obtained
from Pacejka’s Tire and Vehicle Dynamics Book .
Various parameters within this equation could then
be altered to match the rolling resistance torques

as calculated in (1). The main changes that were

made were to q_sy3 and q_sy4, as they are the speed
dependent terms. The updated tire model was able to
come within 0.2 % of the rolling resistance torques

calculated from the tire manufacturer’s coefficients.

F v,
My = KR, {QSyl + qsy2 E); + Gsy3 |V_: +
4 qsy7
)+ ( i)™
Asya (Vo + | gsys T Gsye Fro Y Foo *
.\ dsys
) @
(pio My
Vertical damping tests were not performed during
the tire model development and thus the vertical
damping coefficient in the tire model is not accurate,
which resulted in excessive tire oscillations during
initial simulations. To counteract this the vertical
tire damping was altered to match example datasets
that were provided by IPG and based on a similar

class 6 and class 7 commercial vehicles.

2.2 Suspension Modelling

There are many different methods to modelling
the suspension system but the recommended method
for use with TM4SL is a map-based approach. It
uses K&C data obtained from physical testing on
a prototype Isuzu vehicle. This data includes the
translation of the wheel centers in xyz coordinates,
the rotation of the wheel around the xyz axes and the
lengths of the spring, damper, buffer and the stabilizer
bar as a result of either contact patch or steering
rack movement or a combination of the two. This data
can then be parameterized into several tables that are
accepted in a skec file format by TM4SL and is used
to calculate the wheel and suspension positions and
loads. A benefit of this method is that since ske files
are based on vehicle test data, to a certain extent,
they will also include frame stiffness in the model.
The frame stiffness however might not be linear so
more work is needed to be done to include frame
stiffness into the suspension model, as at high lateral
loads the frame could experience exponential levels

of displacement compared to at lower lateral loads.

The springs, stabilizer bar and buffers were then
parameterized in the TM4SL GUI with either a
singular stiffness value or a force deflection curve.
The dampers are parametrized in the same way by
defining either a single damping coefficient or a force

velocity curve.
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2.3 Brake Modelling

The chosen method of brake modelling was to
use a lookup table data-based model. Testing was
performed on an ISUZU prototype vehicle to obtain
a relationship between pedal travel, brake pressure
and brake torque. The brake subsystem is turned off
within the TM4SL. GUI and the appropriate brake
signals are then overridden within Simulink. The
brake model in Simulink works by reading the brake
pedal input as demanded by the driver in TM4SL and
converting this to the primary brake pressure. The
velocity of the vehicle and the brake pressure is then
correlated with an appropriate brake torque. This
calculated brake torque overrides the brake torque
signal normally calculated by TM4SL.. An example of
the Simulink model is shown in Figure 2.

2D T(u)

ulf m—/————

|—Du2—

Brake pressure, vehicle velocity
to brake torque lookup table

L |
Vehicle Velocity

T ]

Brake Torque

1-D T(u)

Driver Brake Input

Brake travel to brake
pressure lookup table

Figure 2 Brake model in Simulink

2.4 Chassis, Cab, Aerodynamics and Powertrain
Modelling
TMA4SL offers the ability to parametrize every
system within a commercial vehicle. For the chassis
and cab the masses and CG positions were obtained
from CAD data and input into the GUI. The unsprung
masses are split into two components, rotating and
non-rotating components. An example of the TM4SL
GUI showing values for the unsprung mass inputs for

an example vehicle is shown in Figure 3.
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Figure 3 Unsprung mass inputs for IPG

To model the aerodynamics currently there is only
a single value for each of the various aerodynamic
coefficients. However further work is being done to
create a lookup table for the various coefficients of

drag based on vehicle heading angle.

To model the powertrain and transmission a
previously validated engine model developed in
GT-suite ' is connected to a validated Simulink
transmission black box model, which was provided
by the transmission supplier. The TM4SL vehicle
model is then connected with the transmission
model to create a full vehicle model. A similar
7 was used,
but modifications were made to include the TM4SL
vehicle model. An example of the full vehicle model

is shown in Figure 4.

modelling method to a previous paper |
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o s
gy —@1
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) Brake Road Load torque Nm Half shaft Torque Nm
Road Load Torque Nm|
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Road Load Torque Nm

Brake Load Torque Nm
{r

Transmission Model

Figure 4 Full vehicle co-simulation schematic
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3 Model Validation

Once the vehicle model had been parameterized
the next step was to validate the model. This was
done by correlating simulation data to objective test
data of the ISUZU prototype vehicle. The test setups
which were created are summarized in Table 1.

Table 1 Test setup summary for model
validation
Test Road/Maneuver Purpose
Constant radius To measure the roll
Constant gradient and steady
. turn at slowly
radius increasing speeds state performance
&SP of the vehicle
Step steer test at a
specific start speed | Measuring transient
Step steer | and a constant turn dynamics of the
angle and rate vehicle
input

The virtual test setups were created in a way to
match the physical testing procedures as closely as

possible. An example of the constant radius turn road

in TM4SL is shown in Figure 5.

Figure 5 Constant Radius Road definition in
IPG

The results of these test setups in comparison
to physical field testing are shown in Table 2. All
field test results have been normalized to 100 for

confidentiality purposes.

Table 2 Result comparison of simulation and

field testing
q Field |Simulation
Test Value Unit Result | Result
Roll gradient Degl/g 100 99.21
Constant
radius Steering
sensitivity Deglg 100 102.17
Lateral
acceleration s 100 113.41
response time
Yaw ratfe response s 100 102.17
time
Step Steer
Steady state
lateral g 100 110
acceleration
Steadystateyaw | p o/ | 100 | 109.25
rate

The results in Table 2 showed that the simulation
model was within 3 % accuracy for steady state
dynamics and mostly within 10 % accuracy for
transient dynamics. This would suggest that future
work is needed to more accurately model systems
that are responsible for the transient dynamics such
as the dampers and tires. At the beginning of the
project, it was decided that our simulation results
should be within 10 % of field test results. This was
decided as the data available to input into the model
was not accurate/detailed enough to expect a higher
level of correlation. Judging by the results shown in
Table 2, it would suggest that the model and field test
results display an acceptable level of correlation.

4 Results and Analysis

Once model validation had been completed a
study for the effectiveness of altering rear spring
and stabilizer bar stiffnesses could be completed.
To do this both class 6 and class 7 vehicles were
analyzed at different CG heights and rear spring
and stabilizer bar stiffnesses. Note that spring and
stabilizer bar stiffnesses have been normalized for
confidentiality. These different vehicle setups were
then simulated with the same constant radius turn as
used for model validation. The result of this study is
shown in Table 3. A MATLAB script was created
to import, analyze, process, and plot the simulation
result files created by TM4SL..
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Table 3 Spring and stabilizer bar stiffness

study
. Rear Rear Roll
Vehicle CG q ore .
q spring |stabilizer bar| gradient
class/GVW | Height stiffness | stiffness (deg/g)
N/A 100
Hich 1,000 100 75.5
& 614 N/A 83.99
Class 6 ’ 100 68.41
25,950 1b .
( ) 1,000 N/A 73.75
Low 100 57.67
1614 N/A 63.77
’ 100 50.9
N/A 120.05
Hich 1,000 100 92.89
18 614 N/A 102.17
Class 7 ’ 100 84.22
33,000 1b .
( ) 1,000 N/A 92.16
L 100 71.65
oW 614 N/A 76.52
’ 100 64.34

The overall trend of these results suggests that
increasing the spring or stabilizer bar stiffness will
reduce the roll gradient, thus reducing the risk of
rollover. It is also shown that the increasing the
stiffness of stabilizer bar is much more beneficial at
reducing roll than is increasing the spring stiffness.
This is dependent on the stiffnesses of the individual
components, but it becomes impractical to make a
spring stiff enough to provide the same anti-roll
characteristics as a stabilizer bar. Furthermore,
a very stiff spring will cause ride quality to suffer
immensely in comparison to a stabilizer bar. These
results allow the vehicle planning group to better
decide which combination of springs and/or stabilizer

bars need to be used on the vehicle.

5 Conclusion

The handling model developed for Isuzu F-series
vehicles using TM4SL for class 6 and class 7 weight
categories shows good correlation to the on-road
tests performed. This model may very well be used
for lateral and longitudinal development of future
ISUZU class 6 and class 7 vehicles. Overall, using
MBD as a factor to judge the effect on vehicle
handling performance by changing certain vehicle
parameters allows for time and money to be saved
during the development process by reducing the

amount of physical testing needed.

Next Steps

As shown in the model validation section, the
transient dynamics simulation results do not have the
same level of accuracy when compared to the steady
state dynamics simulation results. An improved tire
model to include accurate vertical damping coefficients
and better model-specific suspension characteristics
could increase the accuracy. This could include
but not be limited to a multibody suspension model
for better kinematic predictions and more detailed
bushing/compliance modelling. Currently the ISUZU
F-series rear suspension setup consists only of a
leaf spring, which is parameterized in the model. In
the real-world other components such as suspension
bushings and brackets contribute to the damping of
the suspension system; however, this is not currently
parametrized within the model. So, more work is
needed to figure out how to measure and include

these damping effects into the suspension model.

A full vehicle dynamics model presents an
opportunity for better ADAS modelling and
development of features such as ESC, AEBS, and
LKAS. This model may be used in the future to
better evaluate what changing the wheelbase does to
handling. Isuzu trucks have a large configuration of
different wheelbases. Building a model which has been
validated for the largest and smallest wheelbases
will allow the model to be used to help determine
the handling characteristics of the wheelbases in-
between. This is important as it can help avoid
potentially problematic design characteristics before
the vehicles go into production and are released to
the market. Furthermore, since large customers
sometimes request changes such as a different tire, a
pre-validated model could make it possible to judge

the effect of this change very quickly.
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An Accelerated Method to Generate Concrete Level
Scenarios for AD/ADAS Scenarios Library-Based Testing

Yifan Wei* Xuejiao Li* Wei Zheng™ Gerald Bergsieker®

Abstract

Virtual testing using a scenario-based approach is essential for autonomous driving (AD) and Advanced Driver
Assistance Systems (ADAS) verification and validation. Such approaches were widely adapted by industrial
standards and research institutes. Many scenarios library-based testing approaches were given parameterized
scenario library catalogs for intended AD/ADAS operating design domains (ODDs) and then traditional exploring
algorithms, such as Monte Carlo simulations, were used to explore parameterized test space. Due to the problem’s
complex nature, such algorithms lack efficiency in finding system pass/fail boundaries. Given such background, this
paper introduces a Gaussian Process coupled Support Vector Machine (GP-SVM) algorithm to accelerate the system
safety boundary exploration. The algorithm facilitates adaptive modifications of concrete scenario cases and
accelerates sampling and exploration in logical scenario parameterization domain, resulting in an efficient
generation of concrete and diverse scenarios. The exploration results can approximate the pass and failure

boundaries in defined and parameterized operating design domains.

1 Operating design domain (ODD) and
scenarios-based testing approach

Simulations are key components in AD and ADAS
development and play key roles in system level
design verifications and validations. It is important
to measure the behaviors and safety of an automated
driving system under its intended operating design
domain in simulations first. Scenario cases and
scenario catalogs/libraries are foundations for such
simulations, and scenarios describe both the static
environmental elements and the dynamic participants
which could be encountered by the automated driving

system in the deployed operating domain.

According to SAE J3061, ODD is defined as
operation conditions under which a particular
automated driving system or function is intended to
operate . According to ISO 21448, scenario is a
description of the development over time between
several scenes in a sequential way %, The 6-level
model shown in Table 1 is adapted by PEGASUS

family consortiums to describe the traffic elements

involved in a scenario " . For scenario description
Menzel et al originally
into 3

including functional scenarios, logical scenarios and

and abstraction levels,
divided the scenarios abstraction levels,
concrete scenarios . Neurohr et al further extended
it to a 4-layer scenarios model: functional, abstract,

B On top level,

logical, and concrete scenarios
functional scenarios were non-formal and human
readable behavior descriptions of a traffic scenario.
For implementation purposes, abstract scenarios
were formalized, machine readable and declarative
descriptions and it could involve efficient description
of relations such as causes and effects. Logical
scenarios were parameterized representation of a
set of scenarios, where scenarios’ influencing factors
were described by parameter variations, ranges and
distributions. Concrete scenarios were individual
cases within a given upper-level logical description,
and they described specific sceneries and chain of
events with fixed parameters. This 4-level scenario
abstraction model could align with the ASAM’s
OpenDRIVE" and OpenSCENARIO" standards for

simulation implementations "

* Isuzu Technical Center of America, Inc.
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Table 1 The 6-layer scenario model used by
PEGASUS method
Layer 6 Digital information, such as V2X
Layer 5 Environmental conditions, such as light
and weather
Layer 4 Moving Objects, such as traffic
participants (vehicles, pedestrians)
Layer 3 Temporal modifications and events, such
as road constructions
Layer 2 Road furniture and rules, such as traffic
signs and markings
Layer 1 Road layer, such as geometries

In this paper, we would propose an accelerated
exploration algorithm, to approximate the interested
pass/fail boundary of an automated driving system.
Based on iterative and adaptive simulations, the
algorithm could generate concrete simulation cases
within logical scenario parameters’ exploration
domain. It can generate next iteration scenarios to
explore based on previous simulation iteration’s
results such as pass/fail status. These pass/fail
status could be determined using related safety
measurement metrics and criteria for the specific
logical scenarios. By implementing this algorithm,
we could demonstrate an efficient procedure to find
the pass/fail boundary for parameterized logical
scenarios. Moving traffic objects and participants can

be manipulated on individual concrete cases level.

2 Scenarios generation algorithm and
optimization problem formulation

For autonomous driving systems, it is important to
identify the edge cases, or the pass/fail boundaries,
given certain safety measurement metrics or key
performance indexes (KPIs). To identify the pass/
fail boundaries or edge cases within a defined
ODD and ODD’s correlated logical scenarios’
parameterization domain, huge number of simulations
needs to be executed due to problem’s complex and
non-linear nature. This is one of the bottlenecks
at development and validation stages. Therefore,
an efficient exploration algorithm can accelerate
the identification process and reduce computational

resources.

Traditional

implemented, such as Monte Carlo simulation or

space filling methods can be
Latin Hypercube sampling. However, these methods
are sample-inefficient for edge case identifications,
because they do not have prior information of the
problem to guide them throughout the process. The
resulted sampling space could be heavily selected

from non-interested and non-representative areas.

Therefore, in this paper, we proposed to formulate
the exploration and exploit of the autonomous driving
function’s pass/fail boundary as a classification and
optimization problem, where we continuously seek
and approximate the decision boundaries of a binary

classifier based on iterative simulation updates.

The simulated cases will be categorized into
two classes depending on whether the simulations
succeeded or failed based on safety criteria judgement.
There are many related publications which provide
formulations of safety determination metrics and
factors . Tn our formulation, the algorithm treats
failure of any safety KPI in a specific concrete
scenario simulation as a failure simulation case,
thus, we can provide simulation results back to the
algorithm, and based on these completed simulation
results, the algorithm will spawn the next iterations’
simulation inputs, which are next iteration scenarios’
parameterization values. The algorithm determines
the spawned scenarios parameterized designs based
on maximize or minimize an acquisition function,
which is specifically designed to find points near
the pass/fail boundary. Our method formulates the
acquisition function using Gaussian Process Model
(GP) and Support Vector Machine (SVM). This
procedure, thus, allows for active and continuous

sampling for edge cases and pass/fail boundary.

SVM is a kernel-based machine learning model
which can be used for classification and regression
problems. There are various types of kernel functions
(RBF),
polynomial and sigmoid function. In this work, we
used RBF kernel, where k(xl-, xj) denotes the kernel

function to measure the similarity between the two

including Radial-Basis-Function linear,

points ¥; and X; in equation (1). The hyperplane of
the SVM model, g(x), can be represented in equation
(2), in which g(x)=0 is the decision boundary itself.

— 114 —



An Accelerated Method to Generate Concrete Level Scenarios for AD/ADAS Scenarios Library-Based Testing

If g(x)>0, then x which physically represents the
array of concrete scenarios design inputs will lead to
simulation pass. If g(x)<0, then x which physically
represents the array of concrete scenarios design

inputs will lead to simulation failure.
k(xi,37) = exp (=v|lx — x[|°) @
g() = wix +w, (2)

The Gaussian Process Model (GP) is also a
popular supervised machine learning model because
it can provide predictive distributions for any given
point. This distribution gives a way to quantify
the uncertainty of unexplored points on a trained
surrogate surface, which can guide the active
sampling algorithm to search unexplored space. The
GP model assumes, for x € R® > R , every finite
set of functions values [f(x1), f(x3), ..., f(xy)] are
sampled from the multi-variate gaussian distribution
with mean function m(x) and covariance function

K = k(xl., x].); R™ x R® - R as shown in equation (3)
1
K;j = k(xl-, xj) = Aexp(—m ||xi - xj”z) 3)

In equation group (4), with N sample points
Xi, Xj, ..., Xy, it can determine mean value u(x*) and

covariance o2(x*) at unexplored point x*, where

f=1f ), f(x2), e, fX)] T

Kex = k(x;,x;)

K. = k(x;,x")

K. = k(x",x;) (4)
K. = k(x",x%)

p(x™) = K K. f

o?(x*) = K., —K.,K..'K,.

Our algorithm proposed to formulate a new
optimization problem and acquisition function as
shown in (5), which combines the training process
of the SVM hyperplane g(x) and leverages the GP
quantified uncertainty, where 3 is a weighting factor
to balance the trade-off between exploration and

exploitation.

minh(x) = 1g(x) | = po?(x) ©)

Given an initial sets of parameterized logical
design variable Xinitiat = [X1,%2, . Xy], where x;
represents individual scenario’s representation
parameterization, SVM will be trained, and we can
identify initial decision boundary giniria;(x) trained
from this initial sets Xinitiar . Next we will train GP
model using Xinitiar and Jinitiar(X). This enables the
calculation of uncertainty metrics o2(x;). By doing
so, h(x) as acquisition function can be optimized.
By leveraging the uncertainties’ quantifications, the
approach reduces the chance of being trapped in a
local optimal and B serves as a trade-off parameter
between exploration and exploitation. The actual
pass/fail and edge cases boundary itself is determined
by SVM boundary, while adaptive sampling strategy
is depending on the new acquisition function h(x).
To solve the optimization problem in (5), we used
limited-memory BEGS solver . The paper addresses

the proposed algorithm name as GP-SVM.
3 Simulation implementation
In a virtual environment, this paper tested an

coupled with IPG

TruckMaker simulator. Static map, environmental

autonomous driving system,

elements, vehicle dynamics and traffic participants
were simulated in IPG TruckMaker. Path planning
and control modules were included, while perception
modules were excluded, and surrounding traffic
objects list was fed into the autonomous driving
stack to mimic the perception results. Therefore,
this paper utilized timing parameterization to mimic

perception’s detection results.

This paper demonstrates the concrete scenarios
generation workflow with following logical scenario
definition. The logical scenario itself, as shown
in Figure 1, describes where a roadside parked
autonomous driving ego vehicle is intended to plan
a path and merge into an adjacent lane with target
velocity Vego. The ego vehicle is initialized with
parked status at timeg.q,;. During the merge action,
at timey, the perception detected a traffic vehicle
traveling at speed Vtrasfic and at given parameterized
detected location horizontal X¢rqffic and vertical
Ytrafric.
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Time = Timeg g,

\ Roadside
. | Road Lane

Traffic Detection
Location Y

Traffic Detection
Location X
Time = Timey

Roadside

Traffic Detection
Location Y

Road Lane

Traffic Detection
Location X

Figure 1 lllustration of the scenario case
For simple illustration, we set ego vehicle target
cruising speed v,,, = 10 [kTm]. Vraffic =0 [kTm] represents
a static hazard traffic vehicle stopped on the lane. In
this case, the ego vehicle is required to either stop
within safety distance or bypass the stopped traffic
objects with sufficient safety boundary. A set of
safety judgement KPIs, such as variables related to
speed, distance, acceleration and time-to-collision, is
used to determine simulation pass/fail. Therefore, we
could focus on the parameterizations of 3 variables,
“detected time of a traffic vehicle” timey, “traffic

detection location” Xtrasfic and Yeraffic.
4  Simulation results

This paper shows the simulation results for (1).
Reference pass/fail boundary generated with grid
method in 2-dimensional (2D) problem formulation.
Simulations run for 2 levels of timey = [2.5s,5.05]
separately. Only 2 variables Xiarric and Yerasric
are examined, leading to a 2D problem. (2). Pass/
identified by GP-SVM
in 2D problem formulation (Xtrarfic and Ytrafric).

fail boundary algorithm

Simulations run for 2 precepted timey = [2.5s, 5.0s]
(3D)

problem formulation includes timey as a variable

separately. (3). One wunified 3-dimensional

explored by GP-SVM algorithm ( timey, X¢rqffic and

Yeraffic). Then the 3D problem formulation result
would be correlated to 2D results by looking into
fixed and specific timey values at [2.5s, 5.0s].

In 2D reference results’ representations, we
fixed “detected time of a traffic vehicle” timey
at 2 levels, 2.5[s] and 5.0[s]. Therefore, 2.5[s] and
5.0[s] each generates a set of simulations. While
detected time timey of the hazardous traffic vehicle
are investigated at 2 levels, the 2D parked traffic
detected “traffic
location”, defined by Xtrafric and Yeraffic , are

vehicle’s location, detection
parameterized and can control the concrete level
scenarios. The “traffic detection location” correlates
to the purple bounding area in Figure 1. Using the
grid method, the reference pass/fail boundaries of
the autonomous driving functions can be represented
in Figure 2 and Figure 5. These reference results
in Figure 2 and Figure 5 include grids of 41 X¢apric
levels and 17 Yirarric levels, leading to a total of
697 concrete level scenarios and simulations for
both timey = [2.5s,5.0s]. It worth noting that due
to delayed detected time of the traffic vehicle, when
timey = 5.0s, there are more regions of unsafe
“failed” simulation scenario (shown by red dots) in
Figure 5 compared to those in Figure 2.

The reference result

Y position
) W -
(=] o o

—
o

o

0 10 20 30 40 50 60 70 80 90 100
X position
Figure 2 2D representation of simulation
of pass/fail boundary results
reference. “Detected time of a traffic
vehicle” timey fixed as 2.5[s] in
simulation.
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The uncertainty of the GP-SVM method

el

Y position
=]

0 10 20 30 40 50 60 70 80 90 100
X position

Figure 3 2D representation of pass/fail
boundary results generated by GP-
SVM algorithm. “Detected time of a
traffic vehicle” timey fixed as 2.5[s]
in simulation. Blue background
demonstrates uncertainty o>

Boundary Boundary Boundary
i T T
g 200
E 40 175
= 150
[ = {
e e 1] 125
]
220 100
2 5
E 10 =
o ogq 25
0 25 50 75 100 o 20 40 60 o 2 4
X position ¥ position T time

Figure 4 3D representation of pass/fail
boundary results generated by GP-
SVM algorithm. “Detected time
of a traffic vehicle” was looked at
timey =2.5[s] .

The reference result

Y position

0 10 20 30 40 50 60 70 80 90 00
X position
Figure 5 2D representation of simulation
of pass/fail boundary results
reference. “Detected time of a
traffic vehicle” timey fixed as 5.0[s]
in simulation.

In 2D GP-SVM results, shown in Figure 3 and
Figure 6, instead of fixed grid, the GP-SVM algorithm
is run for both 2.5[s] and 5.0[s] levels adaptively.
As shown by both figures, the algorithm focuses
its exploration and puts the concrete simulations
and scenarios near the boundaries of pass/fail.
The blue backgrounds represent the ¢? at various
location, higher the uncertainty, deeper the blue
color. As discussed in Chapter 2 equation (5), /8
serves as a trade-off parameter between exploration
and exploitation using uncertainty quantification.
Comparing Figure 2 and Figure 3, Figure 5 and
Figure 6, the reference pass/fail boundary and edge
cases generated by grid methods are well captured
by GP-SVM 2.5(s]
215 simulation runs were executed by GP-SVM
algorithms. For 5.0[s| scenarios, 305 simulation runs

algorithm. For scenarios,

were executed. Both cases show significant reduction
in simulation runs compared to grid method’s

697 simulation runs.

The uncertainty of the GP-SVYM method

Y position
=]

40 50 60 70 80 90 100
X position

Figure 6 2D representation of pass/fail
boundary results generated by GP-
SVM algorithm. “Detected time
of a traffic vehicle” timey fixed as
5.0[s] in simulation.

The authors also ran a single unified simulation
group using GP-SVM. In this scenario group, timey,
Xtraffic and Ytraffic were treated as 3 parameterized
variables (3D formulation), instead of assuming
timey on 2 separate levels. This formulates the
problem in 3D instead of 2D. After all cases in
this simulation group finished, this paper compared
the results of 3D and 2D formulations by looking
at timey = [2.5s,5.05]
the 3D case, every variable range’'s SVM decision

values comparatively. In
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function g(x) values are shown in a subplot, given
specified values of the other 2 variables. A positive
SVM function value g(x) means passed scenarios
and negative SVM function value g(x) means failed
scenarios. When the analysis was performed for a
chosen variable and its range, the other 2 variables
would have their own specific value instead of a
range. By doing so, we can visualize the 3D results
using representative g(x) lines for the chosen
variable’s range. For example, In Figure 7, the
SVM decision function with respect to the variable
Xtraffic normalized range are shown in the first left-
most subplot, given yi.q¢fic = 0[—](normalized) and
timey = 5.0[s]. The curve represents SVM function
value g(x) for the entire the Xiqffic range. Those
with respect to the variable Yirafric normalized
range are shown in the second column, given
Xerapfic = 0[—](normalized) and timey = 5.0[s]. The
SVM decision boundary value g(x) across variable
Xerarric range in Figure 7’s most left subplot showed
failed safety (negative SVM
g(x) value) are between 8.0[-] to 35.0[-] and it can
correlate to Figure 5 and Figure 6’s fail cases in
the X¢rafric range between 8.0[-] to 35.0[-] when
Yeragric = 0[] and timey = 5.0[s]. Similarly, for
Yeraffic range analysis. A comparable comparison can
be made between Figure 2, Figure 3, and Figure 4 well.
In conclusion, the results are consistent between grid
methods and GP-SVM adaptive sampling methods,
while GP-SVM brings accelerated workflow and

reduced number of simulations. Additionally, 2D

simulation cases

problem formulations also align with 3D problem

formulations.
Boundary Boundary Boundary
0
o 20 2004
= 175 5
>
c -0 sl 20
o
= o 125 i
E _w 100
= 104
= =B0 ™
a -100 50 3
=120 25 [:]
o 25 50 75 100 U 20 40 60 o 2 4
X position Y position T time

Figure 7 3D representation of pass/fail
boundary results generated by GP-
SVM algorithm. “Detected time
of a traffic vehicle” was looked at
timey =5.0[s].

5 Conclusion

The authors proposed an accelerated scenarios

generation framework, by wusing a developed
concrete scenarios generation algorithm called GP-
SVM. It combines the gaussian process model (GP)
and support vector machine (SVM). A simulation
IPG

TruckMaker and an autonomous driving system

environment was constructed using the
under the test (path-planning and control in the
loop). The proposed algorithm was coupled with
this simulation environment and generated baseline
reference results, 2D and 3D GP-SVM problem
formulation results. Comparing the 2D and 3D GP-
SVM results to baseline grid method reference
results, the proposed scenarios generation algorithm
can significantly reduce the number of simulation
runs while maintaining accurate capture of the pass/

fail safety boundaries and edge cases.

The future work will focus on further improving
the algorithm and enhancing efficiency. The authors
will also extend the algorithm’s capabilities for
more verification and validation applications. The
authors would also like to accommodate the scenarios
generation solver into a more mature automated
simulation control workflow such as continuous

integration and continuous development (CI/CD).
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Abstract

This paper presents an experimental validation of an event-triggered model predictive control (MPC) for
autonomous vehicle (AV) path-tracking control using real-world testing. Path tracking is a critical aspect of AV
control, and MPC is a popular control method for this task. However, traditional MPC requires extensive
computational resources to solve real-time optimization problems, which can be challenging to implement in the real
world. To address this issue, event-triggered MPC, which only solves the optimization problem when a triggering
event occurs, has been proposed in the literature to reduce computational requirements. This paper then conducts
experimental validation, where event-triggered MPC is compared to traditional time-triggered MPC through real-
world testing, and the results demonstrate that the event-triggered MPC method not only offers a significant

reduction in computation compared to time-triggered MPC but also improves the control performance.

1 Introduction

As electric vehicles have gained popularity
in recent years, there is increasing interest in
autonomous driving as a promising technology to
enhance traffic efficiency while reducing accidents
and congestion . Autonomous vehicles (AVs) rely
on a complex network of sensors, algorithms, and
control systems to navigate the road safely and
efficiently. Model predictive control (MPC) is a
class of algorithms that is well suited for AVs, as
it can handle complex optimization problems and
@@ Through the study of stability,

robustness, and feasibility in MPC, as demonstrated

constraints

by various research papers © the stability of MPC
applications in AVs has been further ensured.

Despite its advantages, MPC has some limitations.
One of the main challenges is the computational burden
it imposes, which can be particularly problematic
for AVs due to their limited computing power. To
address this issue, event-triggered control has been
proposed with the goal of reducing computation ®?.
Unlike time-triggered MPC, where MPC activates
periodically, event-triggered MPC is an approach

in which the optimization problem is solved when

a triggering event occurs. To demonstrate the
benefits of event-triggered MPC in the field of AV,
particularly in terms of its effectiveness in reducing
computational requirements, many researchers
have used simulation software to simulate the
of event-triggered MPC on AVs

, event-triggered MPC is implemented

performance
14120 (9
for multi-vehicle control, achieving simultaneous
tracking with collision and obstacle avoidance.
Another study ™ applies event-triggered MPC to
vehicle-following control with unreliable vehicle-
to-vehicle communications. The problem of multiple
vehicle cooperative path following is explored in ",
18 while " * investigate vehicle platooning and
employ MPC for longitudinal control to track inter-
vehicle distance. Nonlinear MPC is used in *” for
lateral trajectory tracking of AVs, which enhances
real-time performance while maintaining accuracy.

Previous works by the authors “® also propose

event-triggered MPC and LPV-MPC for AV path
tracking problems, all utilizing event-triggered MPC
to reduce the computational burden. These studies
demonstrate the accuracy and computational efficiency
of event-triggered MPC

scenarios.

in various application

* Isuzu Technical Center of America, Inc.

** Oakland University
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While the benefits of event-triggered MPC have
been demonstrated in simulation environments, the
validation of this approach in realistic settings is still
limited. In particular, there is a need to demonstrate
the effectiveness of event- triggered MPC for AV
path tracking, as this is a critical component of AV
control systems. To address this need, we present
an experimental validation of event-triggered MPC
for AV path tracking, by using a real-world testing
platform to show the advantages of event-triggered
MPC over time- triggered MPC. Specifically, the
testing vehicle is a full-size sedan equipped with both
drive-by-wire and a Polynav 2000P OME GNSS-
Inertial system, a Calmcar front view camera with lane
detection capabilities, and a Dspace Autera computing
unit. The GNSS unit provides real-time vehicle location
information that is consumed by control systems.
Moreover, a predefined path is recorded using GNSS
and serves as a reference trajectory for subsequent
testing. Both time-triggered and event-triggered MPC
are tested, and it is found that event-triggered MPC
offers a significant reduction in computation compared
to time-triggered MPC, which at the same time
improves the control performance. The improvement in
control performance is likely due to the fact that when
optimization is not triggered, event-triggered MPC

can provide real-time control action without any delay.

The remainder of this paper is organized as
follows. Chapter 2 discusses the vehicle model in
the MPC and the algorithm of time-triggered MPC
and event-triggered MPC. The vehicle platform
setup and the test result are shown in Chapter 3.
Chapter 4 concludes the paper.

2 MPC-based path tracking

2.1 Vehicle model
In normal on-road driving, which is the focus of
this paper, the vehicle dynamics can be conveniently

24 .
@Y shown in

approximated by the bicycle model
Figure 1. Define x = [p, p, ¢]” as the state vector
for the vehicle model at the center of gravity (CG),
where Px and Py are the vehicle longitudinal and
lateral positions, respectively, and ¢ is the vehicle
heading angle, all the states are in the vehicle
frame. Then ¥ = [Py Py ®]", the set of differential

equations of the vehicle is modeled by the following:

bx =V cos(p + ) (1a)
Dy =Vsin(e + B) (1b)
V cos(B)

¢ = fo + Ly, (tan(uf) ~ tan(r) e

where Vis the velocity of the vehicle’s CG; Ly
and L,, are the distances from the center of gravity
to the front and rear axles; us and u, are the front
and rear steering angles. Since the vehicle used in
this paper is the front-wheel steering vehicle, the
U, is equal to zero. Furthermore, £ is the vehicle

slip angle, which is defined by the following equation.

L tan(uf)
— Zr AT 2
B arctan( Loy + Loy (2)
¥ -
b
Figure 1 Schematic of the bicycle model

2.2 Time-triggered MPC for path tracking

The MPC controller designed here has to track
a desired path, and the vehicle model described in
Section 2.1 is employed to make predictions in the
MPC algorithm. To make use of the bicycle model
by MPC, the forward Euler method ® is used to

discretize the bicycle model:
Xep1 = Xp + % T 3)

where T, is the sampling time and x; is the
system state at discrete time t. For MPC-based
path tracking control, at time instance t, the general
MPC algorithm performs the following operations.
Initially, it measures the current state of the system.
Subsequently, it solves an optimal control problem
formulated on the system model, constraints, and
current state to find the optimal state sequence

Xt={xt+1,xt+2,---,xt+p} and the optimal control
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sequence U; = {ut,qu,"-,pr_l}, where P is the
prediction horizon. Lastly, it sends the first element
of the optimal control sequence to the actuators.
The optimal control problem (OCP) is formulated as
follows:

p

2

minj = Z||xt+k(1) - p;,etc-k”Qp
k=1

p p-1
2
) @ =pyll, + D e,
=1 =

p—-1
+ Z”ut+k = U1l (4a)

k=0
s.t. Xt = J?t (4b)
System dynamics (3), 1<k <p (4e)

Umin < Uitk < Umaxs 0<k< p— 1 (4d)

AminS Uppr — Uppk-1 = Amax; 0<k< p— 1
(de)

Note that the first two terms in equation (4a)
denote the deviation from the reference path, while
the third term penalizes a high steering angle, and
the final term decreases the amount of actuator
busyness (i.e., limits the rate of actuator change). The
weights for path following error, steering efforts,
and control activity are represented by @p, Qu, and

Qg4 respectively.

Remark 1: To derive a reference path suitable
for MPC, the default path needs to rearrange due to
varying intervals between consecutive waypoints. As
a result, the waypoints on the default path should be
re-sampled based on the current vehicle speed v and
sampling time T,. As MPC depends on short-term
prediction, it is sensible to presume that V' will remain
constant over the prediction horizon. Therefore, the
waypoints throughout the prediction horizon are
re-sampled so that they are equally distanced from
each other, where the distance d is equal to current

vehicle speed v multiplied by sampling time T.

2.3 Event-triggered MPC for path tracking4

Time-triggered MPC can be computationally
heavy since the OCP(4a)-(4e)needs to be solved at
every time step. Unlike time-triggered MPC, event-
triggered MPC solves the OCP(4a)-(4e)only when an
event is triggered. This paper considers the threshold-
based event-trigger mechanism adopted by " %,
Since MPC does not control the longitudinal speed,
the lateral offset Y is primarily considered when
determining an event, which is the closest distance
from the current position to the target path. Denote
the closest points on the path before and after the
current position as (x;,y;) and (x;,v,). Then the
lateral offset Y is calculated by equation (5):

=v2-x1yl—py—xl-pxy2-ylx2-x12+y2-y12 (5)

Finally, the event-trigger mechanism used in this

paper is shown below.
e= {1'
=10,

In other words,

ifY>oork>kpay (6)
Otherwise

the condition at which the
event-triggered MPC is triggered depends on
two calibration parameters: o and kpax, where k
represents the number of consecutive times that the
MPC has not been triggered. It is important to note
that k4, should not exceed the prediction horizon
P. The event-triggered MPC solves the OCP(4a)-(4e)
only when either the vehicle’s lateral offset exceeds a
predefined threshold o (i.e.,Y > 0o),orthepreviously
optimized control sequence U,; has been depleted
G.e., k> kpay/, resulting in e = 1. Otherwise,
e = 0, and the control action can be obtained by
shifting the optimal sequence obtained during the

last event.
3 Experimental setup and result analysis

The controller discussed in Chapter 2 is evaluated
in the experimental test. To verify the efficiency of
the event-triggered MPC, both time-triggered MPC
and event-triggered MPC are implemented in the
vehicle platform separately, and are used to track

the vehicle to follow a same reference trajectory.
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3.1 Experimental setup

In this paper, a relatively empty site is used as the
experimental testing track, as shown in Figure 2, and
the AV platform is shown in Figure 3. Specifically,
the testing vehicle is a full-size sedan, the distances
from the CG to the front and rear axles are 1.2 m
and 1.65 m, respectively. This vehicle is equipped
with both drive-by-wire systems, a Polynav 2000P
GNSS-inertial system, a Calmcar front view camera
with lane detection capabilities, and a Dspace Autera

computing unit.

Figure 2 Bird view of the testing track located

in Plymouth Ml

Figure 3 The AV testing platform, which is a full-
size sedan equipped with both drive-by-
wire, a Polynav 2000P GNSS-inertial
system, a Calmcar front view camera
with lane detection capabilities, and a
Dspace Autera computing unit

Meanwhile, to compare the performance of time-
triggered MPC and event-triggered MPC, the MPC
parameters, including cost function calibrations,
actuator bound constraints, and rate constraints are
maintained the same. Table 1 lists all the parameters

for both time-triggered and event-triggered MPC.

Table 1 MPC Parameters
] 10 Q. 35 Upnin (rad) -097
Ts(ms) | zo0 Qa 30 | Aupey (rad) | 015
Qp 2 Umax (rad) | 097 | Aupyin (rad) | -0.15

3.2 Numerical result

In the sequel, we denote time-triggered MPC
as tMPC and event-triggered MPC as eMPC(o)
where o represents the event-triggered threshold
in (6).

triggered MPC with various ¢ values are examined

Additionally, the performances of event-

to investigate the impact of the event-triggered

threshold on eMPC control performance.

The reference trajectory and tracking results with
different MPC are shown in Figure 4 and Figure 5.
In general, all the controllers can control the vehicle
to complete the entire path safely, and the tracking
performances of each MPC are satisfactory. To
compare the performance of all controllers, tracking
errors for all controllers are plotted in Figure 6,
together with the maximum error and root mean
square error, both on the lateral tracking error,
being shown in Table 2. Based on Table 2, tMPC
has the worst tracking performance, with both Max
Error and RMSE being larger than eMPC. For
eMPC, the Maximum Error and RMSE are similar
with different thresholds. Comparing the peaks in
Figure 6, it is clear that the large error occurs at the
starting and ending area. Meanwhile, combined with
Figure 4, it can be seen that the area with a large
error is the turning region at the beginning and end.
This is further supported by zoom-in pictures of the
starting and ending turns in Figure 5.
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Figure 5 Tracking trajectories with different controllers during the turn maneuvers

(i.e., zoom-in version of Figure 4).
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Table 2 Tracking performance with different
controllers
tMPC | eMPC(0.01) | eMPC(0.02) | eMPC(0.03)
Ma"(g)""r 0.5833 0.4108 0.4736 0.4559
RMSE (m) | 0.1386 0.1056 0.1030 0.1058
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Figure 6 Tracking errors with different
controllers

In Table 3, the number of MPC triggers and the
trigger frequency of eMPC are used to compare
the extent to which eMPC reduces the amount of
computation compared to tMPC. Comparing the
within the
triggered MPC settings, as summarized in Tables 2

tracking performance three event-
and Tables 3, it is apparent that as the event-trigger
threshold increases, both the maximum error and
RMSE almost equal, while the MPC trigger frequency
decreases. However, based on the simulation result

@D the tracking

from the authors’ previous work
accuracy of the time-triggered MPC is better than
the event-triggered MPC. In addition, the tracking
performance of event-triggered MPC decreases with
the threshold increase. The result in this paper is
different from the simulation result because of the
delay caused by MPC computation. According to
the driving time and control times in time-triggered
MPC, it can be estimated that the average MPC
calculation takes 75 ms. Specifically, there is a
75 ms gap from starting the MPC computation to

sending the control signal to the vehicle. However,

in the time-triggered MPC, the optimal steering
control sent to the vehicle is based on the initial
state, which can change significantly after 75 ms.
Therefore, the optimal steering control that the
time-triggered MPC sent is late. The MPC trigger
frequencies of three event-triggered MPC settings
are around 50 %, indicating that on average the
event is not triggered once every two control steps
at which MPC needs to calculate the optimal control
sequence. Note that when an event is not triggered,
event-triggered MPC simply shifts the previous
optimal control sequence to determine control action
for the current step, which requires very minimum or
negligible delay. Therefore, it is our conjecture this
provides a timely compensation to the delay caused
by MPC computation when an event is triggered
and explains why event-triggered MPC outperforms

time-triggered MPC in our experimental results.

Table 3 Computation needed with different
controllers
tMPC | eMPC(0.01) | eMPC(0.02) | eMPC(0.03)
CC"““‘“ 2,146 2,581 3,160 3,894
ounts
gve“‘ 2,146 1,789 1,847 1,870
ounts
Trigger
Frequency 100 69.31 58.45 48.02
(%)
Driving | 169 35 128.35 135.64 143.15
Time (s)
Average
Speed (mys) | 335 4.59 4.35 3.94

4  Conclusion

This paper implements the time-triggered model
predictive control (MPC) and event-triggered MPC
to solve a vehicle path tracking problem in a real-
world scenario. The main contribution of this paper
is to demonstrate the advantage of event-triggered
MPC. The study begins by developing a bicycle
kinematic model, which is then utilized to apply MPC
for controlling the lateral motion of the vehicle.
In event- triggered MPC, the lateral offset of the
vehicle’s current position from the reference path
is used to determine whether a new optimization
problem is necessary. The testing platform is a full-
size sedan equipped with a drive-by-wire system, a
Polynav 2000P GNSS-inertial system, a Calmcar

front view camera with lane detection capabilities,
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and a Dspace Autera computing unit. We conducted
two experiments using time-triggered MPC and
event-triggered MPC to validate the benefit of the
event-triggered MPC over the time-triggered MPC.
Experimental results show that the event-triggered
MPC can reduce the computation in a vehicle
path tracking problem by 50 % while providing
better control performance. For future work, more
experiments should be run with different event-
triggered MPC settings in more challenging driving
maneuvers to validate the robustness of the proposed

approaches.
HEDE

H B iR O BRI AR & < 30T (5841 - [
Wil - (g <9, @Al ick > T8 ohs [HE
EBDICHAE2T [HIF] (3. ADAS & iR L= FE
[ HBPHERA RO SN B AR OE VI X D) H B
HED7-0DOHIEHEATIE. ADAS XD HEAFZEDHR
VLonxd,

AHEIZ ITCA ONfED Oakland K EDFEA,
6] CIZhE U 7= et F BE i R h O WS ¢,

RRICHHELRICSHEICAD A (Wi sohT
PN OWT S T ALty 2 —FTF7 AU 7 Inc.
THD7=0] EtbB—RDB—HE % > TR FHATH
LR A ME TH LT IEDIULENTT,

(ITCA F—7xvo=7 ¥ &)

References

(1) H. Abraham, C. Lee, S. Brady, C. Fitzgerald,
B. Mehler, B. Reimer, and J. F. Coughlin:
“Autonomous vehicles and alternatives to
driving: trust, preferences, and effects of age,”
in Proceedings of the transportation research
board 96th annual meeting. Transportation
Research Board Washington, DC, (2017), pp.
8-12.

(2) J. B. Rawlings: “Tutorial overview of model
predictive control,” IEEE Control Systems
Magazine, vol. 20, no. 3, (2000), pp. 38-52

(3) A. Irshayyid and J. Chen: “Comparative study
of cooperative platoon merging control based on
reinforcement learning,” Sensors, vol. 23, no. 2,
(2023), pp. 1-23.

(4) J. Chen, M. Liang, and X. Ma: “Probabilistic

analysis of electric vehicle energy consumption

using MPC speed control and nonlinear battery
model,” in 2021 IEEE Green Technologies
Conference, Denver, CO, April 7-9, (2021).

(5) A. Bemporad, F. Borrelli, M. Morari et al.:
“Model predictive control based on linear

IEEE
transactions on automatic control, vol. 47, no.
12, (2002), pp. 1974-1985,.

(6) H. Chen and F. Allgéwer: “A quasi-infinite

horizon nonlinear model

programming™ the explicit solution,”

predictive control
scheme with guaranteed stability,” Automatica,
vol. 34, no. 10, (1998), pp. 1205-1217.

(7) D. Bernardini and A. Bemporad: “Energy-aware
robust model predictive control based on noisy

wireless sensors,” Automatica, vol. 48, no. 1,

2012, pp. 36-44.

(8) R.Badawi and J. Chen: “Enhancing enumeration-
based model predictive control for de-dc boost
converter with event-triggered control,” in 2022
European Control Conference, London, UK, July
12-15, (2022).

(9) —: “Performance evaluation of event-triggered
model predictive control for boost converter,”
in 2022 IEEE Vehicle Power and Propulsion
Conference, Merced, CA, November 14, (2022).

(10) N. He and D. Shi: “Event-based robust sampled-
data model predictive control: A non-monotonic
lyapunov function approach,” IEEE Transac-
tions on Circuits and Systems I: Regular Papers,
vol. 62, no. 10, (2015), pp. 2555-2564

(11) J. Yoo and K. H. Johansson: “Event-triggered
model predictive control with a statistical
learning,” IEEE Transactions on Systems, Man,
and Cybernetics: Systems, vol. 51, no. 4, (2021)
pp. 2571-2581,.

(12) D. Lehmann, and K. H.

Johansson: “Event-triggered model predictive

E. Henriksson,

control of discrete-time linear systems subject
to disturbances,” in 2013 European Control
Conference (ECC). IEEE, (2013), pp. 1156-
1161.

(13) F. Dang, D. Chen, J. Chen, and Z. Li: “Event-
triggered model predictive control with deep
reinforcement learning.” [Online]. Available:
https://arxiv.org/pdf/2208.10302.pdf

(14) H. Yang, Q. Li, Z. Zuo, and H. Zhao: “Event-
triggered model predictive control for multi-

vehicle systems with collision avoidance and

— 126 —



Experimental Validation of Event-Triggered Model Predictive Control for Autonomous Vehicle Path Tracking

obstacle avoidance,” International Journal of
Robust and Nonlinear Control, vol. 31, no. 11,
(2021), pp. 5476-5494.

(15) J. Liu, Z. Wang, and L.. Zhang: “Event-triggered
vehicle-following control for connected and
automated vehicles under nonideal vehicle- to-
vehicle communications,” (2021).

(16) T. Wakasa, K. Sawada, and S. Shin: “Event-
triggered switched pinning control for
merging or splitting vehicle platoons,” IFAC-
PapersOnLine, vol. 53, no. 2, (2020), pp. 15 134-
15 139,.

(17) N. T. Hung, A. M. Pascoal, and T. A. Johansen:
“Cooperative path following of constrained
autonomous vehicles with model predictive
control and event-triggered communications,”
International Journal of Robust and Nonlinear
Control, vol. 30, no. 7, (2020), pp. 2644-2670,.

(18) N. T. Hung and A. M. Pascoal: “Cooperative
path following of autonomous vehicles with
model predictive control and event triggered
communications,” IFAC-PapersOnLine, vol. 51,
no. 20, (2018), pp. 562-567,.

(19) Q. Han, G. Cheng, H. Yang, and Z. Zuo:
“Bandwidth-aware transmission scheduling
and event- triggered distributed mpc for
vehicle platoons,” in 2022 41st Chinese Control
Conference (CCC), (2022), pp. 5532-5538.

(20) K. Zou, Y. Cai, L. Chen, and X. Sun: “Event-
triggered nonlinear model predictive control
for trajectory tracking of unmanned vehicles,”
Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile
Engineering, (2021), p. 0954407021992165.

(21) J. Chen and Z. Yi: “Comparison of event-
triggered model predictive control for
autonomous vehicle path tracking,” in 2021
IEEE Conference on Control Technology and
Applications. IEEE, 2021, pp. 808-813.

(22) S. Huang and J. Chen, “Event-triggered model
predictive control for autonomous vehicle with
rear steering,” SAE Technical Paper, no. 2022-
01-0877, 2022.

(23) J. Chen, X. Meng, and Z. Li, “Reinforcement
learning-based event- triggered model predictive
control for autonomous vehicle path follow-

ing,” in American Control Conference, Atlanta,

GA, June 8-10, 2022.

(24) R. Rajamani, Vehicle dynamics and control.
Springer Science & Business Media, 2011.

(25) J. B. Rawlings, D. Q. Mayne, and M. Diehl,
Model predictive control: theory, computation,
and design. Nob Hill Publishing Madison, WI,
2017.

(26) Z. Zhou, C. Rother, and J. Chen,
triggered

“Event-

model  predictive control for
autonomous vehicle path tracking: Validation
using Carla simulator,” IEEE Transactions on
Intelligent Vehicles, accepted for publication

April 2022.

Zhaodong Zhou and Jun Chen have reviewed the

manuscript and agreed with its publication.

2 1%

] 4R

Peng Zhang Mingyuan Tao

Jun Chen

Zhaodong Zhou

— 127 —



ANELBEDTV /00 — 8 2024 "D HE

Automotive Engineering Exposition 2024 Hosted by JSAE

® §F

/\zé*tl?ﬁ)\ EEIE 3Ty N AN EL L 5 E ()
B [AELBEDF7 /ay —J# 2024 | #HEESY &
%EEA%T FfE, B2 2021 FFLDEA LAV T
A VIBIR E D[RR & 7 > 7=,
AR T, B2 S ORRNEIZDOWTHEITT S,

A EA

Naoto Nakamura

Abstract

“Automotive Engineering Exposition 2024” hosted by
the Society of Automotive Engineers of Japan, Inc. was
held in Yokohama and Nagoya, Furthermore, the
exhibition was held at the same time as the online
exhibition which was introduced in 2021.

This article introduces the situation of the exhibition.
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