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1 BX : BIRRLRERAK - BETZE

. BE—-THREBSE - ROEEEHL?

(1) HELEFKEH)

iﬂﬂ*

(2) REHTEE : BEMAK - BITRACHFE/EERSE) - ZFEE etc.
(3) ZZHMEE : eg, KX/RE - HBEBRENIE) - TEEKH LS
(4) BfEfRE : =28 mEER - e BFH/5IES
+ Buyer maximizes his utility function: an optimization result - {k#EEZE T KR
E
(1) Utility function varies (2EABEEAE)
(2) Role conflicts (B EZX)
A - —UEIEFARIER - B RRHIEI KGN - BERIELIKEAM -
Q EB/ANEE - KRR 7 HROINEE - MUERIRTENZER ABEZN U
R UL TN RE VR IR (R A TEE RO &7
BT AR EER AR
ADS: automated driving systems (B 2 £ #t)
ADAS: advanced driver assist systems (5T & 5 ## B % 47)

FHTFIAYAE : AP (auto-pilot) * EAP (enhanced auto-pilot) ~ FSD (full self-

driving), etc.



B EmiZEl (vehicle control)

SIZEZERIE  mpokEmizs - 24
FI 2524
BERFIES - MTPA/MTPV ~ FOC/WF/DTC

i

BEEE (BMS/EMS)

:EE)1%Hl(aka Driverin the loop (human is the controller)

Chassis ADS: replace the human
control)

ADAS: assist the human, ABS, ESP, AEB, LKA, etc.
Hith BP9 ~ Rl - 1E5%

/Y =
EE AR

Q: 2= FHRBS|LAVEH LRZERITIEE -

Chassis (JEE2&, or body): The basic structure of the automobile which supports
many of the other systems and passengers. It is supported by the suspension,

which connects it to the axles and wheels. CF: unibody
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Firewall

ol Rear
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vy,
A
Radiator % Yy I
Core Support |-
e Inicaion of @ miniven body outing ﬂ

* Common on minivans and CUVS

« PIAZEZ 4 (manual control systems) ) & E 2R B EE i E &) 25|


http://upload.wikimedia.org/wikipedia/commons/1/11/Chassis_with_suspension_and_exhaust_system.jpg

- ERER . TR ABRIERIESE (process) - — AR TEIEAE R4 (manual control
systems), EIEEFILEIRE - ARNAEHREEHEE - SEM(plant) 2% 1FE -

B LBERARMDEGIFRRRIBRIRR - T T AERIEHIRNIIEE - %

+Hﬂ+

mE}

8\ A T 1228194845 & (control+human factors) -
- DIEEERIRIEIRE - IFE - AMEAREGHzRES @  HPIRENIETIn S

- ARNRFE 2T ZHR 5EE &5

- BRENEEEH  RARSEFRY  AERVIZEFHIEEEZETEE (Al
solution?)
ARG Jrihs ~ P

\ 4

—» —>»{ Human Vehicle

5 N EIEE =

3 AERSEHIRBAEE

Q: BE=BAZEZFAE T -

- R B8R - EEREENERE
- "RAN BERFE

+ Unexpected accidents: e.g. falling obstacles
+ inaccurate information and/or improper actions
« to erris human: more than 90% (some say 95%) accidents due to human

errors



- or consider as components malfunction (B4 E) - MEGIUZZRFAT
HO—EHER - B2 A - i BRI EREEEWEBEE CTRNBE 2
B -FEW-IRIR  —EHFETRIRR -
- this is why ADAS appear

=21

rmm

- BYP—FRE EWMASHME—REEHIES - mEZEHAEH®E—EE
FERMRIER(RRRE?) - E@WEEE) 7 A" BE(mobility)” &5k - REFEEEHISEE )
7[5 - power steering AE R E—EEREHIZRA - ikl - EFEHFEHE2NUE -
BEZ AR M AVIE R EE (L - IRTEZS 1k SAE J3016 FIARAEZRE T ADAS -

- LEBR(CS): SAAS/MAAS, HIEEEREENERR?

- REER ARHEE (T AWEERD

- BEflREGERR) - =E/E  eg.

- EEEREBI(assistance) : master/slave, the concept of transparent (3% HH),
e.g. LKA - ABS - BAS

- T A (intervention) : e.g.

- DUEEZREEHN - WEBAARS TR ALZZFANDEEESRE - —RE
RN AZKBINBEERENNESESHNAI(ED) NS SWEIKE) KD - MAZ
BELAMEEBEIHER - of . Z2HEREIN - BHEALEHFHNENEN - ABS Z
FTEK - ESPTETE - LEREILKA?

Q: ADAS fERZE M ES R EN D47 -



Q: PIENAEF M ARA - HREE CT ARG FMIENENL - BREMEHAVE

BN 24 - F/HEEC surgical guide (E5|EE) ARG ENHHE) - Famlifd - ZAZRKZ

—7%& master/slave BIERETNIEFELRE -




- SAEJ3016 B9 42

INTERNATIONAL,

You are driving whenever these driver support features
are engaged - even if your feet are off the pedals and

What does the you are not steering

human in the
driver’s seat

have to do? You must constantly supervise these support features;

you must steer, brake or accelerate as needed to
maintain safety

These are driver support features

These features These features These features

warning

same time
+lane departure
warning

are limited provide provide
to providing steering steering
What do thesg warnings and OR brake/ AND brake/
features do? momentary acceleration acceleration
assistance support to support to
the driver the driver
*automatic * |lane centering +lane centering
emergency OR AND
braking
Example blind «adaptive cruise | +adaptive cruise
Features | [Reilisill control control at the

SAE J3016™LEVELS OF DRIVING AUTOMATION

SE SE SE SE SE SE
LEVELO J LEVEL1 J LEVEL 2 J LEVEL3 J LEVEL4 J LEVELS

You are not driving when these automated driving
features are engaged - even if you are seated in
“the driver’s seat”

When the feature
requests,

These automated driving features
will not require you to take

you must drive over driving

N — — —

These are automated driving features

This feature
can drive the
vehicle under
all conditions

These features can drive the vehicle
under limited conditions and will
not operate unless all required
conditions are met

«local driverless
taxi

* pedals/
steering
wheel may or
may not be
installed

« traffic jam
chauffeur

*same as
level 4,
but feature
can drive
everywhere
inall
conditions

For a more complete description, please download a free copy of SAE J3016: https://www.sae.ora/standards/content/|3016 201806/

Q: HFS TR BRI & B MEZ B SAE 13016 1 LV % ADS?

Q: LKA % #ad Fore LV #8? FSD Ig?




+ The Gartner hype cycle, or not a cycle? [##E B

expectations On the At the Sliding Into Climbing Entering
‘ Rise Peak the Trough the Slope the Plateau
Activity beyond
Supplier early adopters

proliferation

Negative press begins
High-growth adoption
phase starts: 20% to 30%
of the potential
audience has adopted
Second/third the innovation

rounds of Methodologies and best

venture capital practices developing
funding

Mass media

hype begins Supplier consolidation

Early adopters and failures

investigate

First-generation

products, high price,
lots of customization
needed

Less than 5 percent of
the potential audience
has adopted fully

Third-generation products,
out of the box, product

Startup companies
first round of venture

capital funding suites
Second-generation
products, some services
Technology Peak of Inflated Trough of Plateau of
Trigger Expectations  Disillusionment Slope of Enlightenment  p gy ctivity
r
time

B - HEFEME - IREENAIFEE? (open question, no exact answer)

]

M EREARB SRR - ARERF T HEWMES) 25 HER ADAS 17774 -~ &0

R ER SR AN U EE - WA E B E P OEMBEENRBIER -

IIIIP

AR ER - BESMNEHEER  SREEEEES - BIFRVAIARPIL - HIL)



2 EEENE

Ao - BESEWER T 2R EFIRIBERET - WATIEREHEEA

B RUILWARLNAEME NE - TENERY NERERTERANNEEHREH SR

E - B AELZHEMRINERRERIE - ILEHHAREEEIE - A2 ADAS

FRENEAREIWHE NERMRBN N B(ERIERLERAZRERETRRET - FEE

AEMEE) - LTERITZAKBER Gillespie A9 Fundamentals of Vehicle Dynamics —

= - BEE D BEMACRERMHT -

- Vehicle-fixed coord system, aka body-fixed coord system. & =Z SAE axis

convention (ISO EARMERZ - BMNRHEE LA - FREMIEE R T o/ IREE)

lateral

E a pitch

longitudinal

Fyzr

vertical F
Fzim

B Actually coupled, but treated one by one

B Sprung and un-sprung masses

Q: 5IZZEN sprung or unsprung mass? EE)EHIE?
+ Earth-fixed Coord. System

10



Projection of

X Instantaneous Velocity
* Heading Angle ——_
97nd v X Projected
Course Angle |—
(Positive) .
_ Vehicle Path
" Sideslip Angle, p
(Neg. angle shown)
y Projected [
by £
A -2 —ERIE(rigid body) « B3 E(multi-body) 808 HERIZE - BEZERAEMAR - A

fE—3~E’J IR E - BEAR RS ﬁﬁﬂ E’JLTE%Bze%k%}JEFJTEEU(dynamlcs aka #UEAH
CF: &% Lagrange eqn WIBEE/AMR) - R ET -
YF=Ma HEZ YT =Ia

2.1 BEFZAFEE (powertrain model)

> ENJIR : RLISIZERRER - EENERIANABERS AR

» Gasoline Engines

- Atorque curve (T-N curve from dyno) peaks in the mid-range of operating
speeds

» Diesel Engines

- Atorque curve is flatter or even rises with decreasing speed

- More efficient for the specific fuel consumption

11



hp kw TORQUE hp kw TORQUE

140 Nm  fib snale N;r‘nz’o ft-Ib
war= TORQ 260
120 TeRaUR w0 190 120 - o
B8O~ -
sk 180 130 ol 80
160 110
@ 80} eof- & POWER
e SPECIFIC FUEL % 80 - 60 |- SPECIFIC FUEL
s~ | CONSUMPTION CONSUMPTION
» kg/kw-h Ib/hp-h als kg/kw-h Ib/hp-h
a0 032 o062 s0l- SPECIFIC FUEL 0250 040
20} SPECIFIC FUEL 0.50 CONSUMPTION :
20} CONSUMPTION 030 | ks \_/ 40226
028 0.46 0.36
0 0 1 1 ! 1 2001 | ! 0.200
2000 4000 6000 1500 2000 2500 3000
SPEED (rpm) SPEED (rpm)
Gasoline Diesel
Q: BREEN - ARSI ZBEKLAS I ZUERTEEZREN?EEEHE?

+ Acceleration Performance Jj[IZEM4:EE
Power (W) =T,(N-m) x @, (rad/s) (1HP = 746W)
a = i F g E — g . E
vV W

.M WYV
« P: power (W)

V: speed (m/s)

W: weight (N)

IR [E (power density) N EE?

MM (HEGREARME - tNHNE -

12



m Effect of velocity on acceleration capabilities of cars and trucks [2].

30
o5 L 10% Passenger
Car, 40 Ib/hp
20
aX
9 15 |
.10
Typical Heavy Truck,
E .05 - 250 Ib/hp
.g
é | | | | | |
w 0 10 20 30 40 50 60
p Speed (mph)

- fE&) % (Drive train, aka powertrain)

Drive train: engine, transmission, driveshaft, differential, and driven wheels.
MEFRR - KESEEE ~ WEREF
Q: BEBREBEIRF(IREELEREAR)?

13



F==(T,-1,@,) a (Td Idad)Nf
Axle shaft

turning inslde aach

rear axle housing lube

transmits power Irom
tha ditferential to the
rear wheels

Tranemission,
manual or automatic,
has gearsets that
match engine speed
to desired road
speed

Driveshaft
passes power from

Differential
fums power flow

/1 the transmission 1o 90 degrees and allows
the diflerential housing. one wheel fo rotate
U-jpints allow It to faster than the ather
ride up and down on curves or when
Ball housing with the rear axle traction differs
contains Iha‘clu:nh
lor 8 manual
transmission or T — T _ I o N
the torque converter d c t~%e t
Engine for ar:rsmmmlc
trans n
provides the power — —
{mmlﬁf spegpl]i lo ae N t ad N t N f aW
propel the vehicle
via the drivatrain TC = Te — I eae ‘\——J

N tf

r: ERAGE  HASFSREZ EIZEC R n B (note: To=Fxr+lwow=(Ta-Taoa)Ny) » fEFE?
HEEZEEEAZERE > FiEEEEE google transaxle » FAEIEREAELE(LL -

Q: HBEERI 4 () 2 A5 7 B Z(powertrain) 1y — 25432
« Tractive Force (25| 1/5&E) /)

14


http://en.wikipedia.org/wiki/File:Cardan_Shaft.jpg
http://en.wikipedia.org/wiki/File:Differentialgetriebe2.jpg

»  Without combined efficiency

F, :%{TeNtf “[(L+1)NG +1,NF +1, ]ar, | and awz%

»  With combined efficiency

TNy 77,
r

F =

X

a
—[ (1o +1)NG +1,N7 +|W]r—;

EXERER F —aEFREB R - KRB RERHAZVIEREITI(ES|A tractive
force) - FoRAERIFE —IRES | ZENELRRFE fa ARG B BN F U ETHEE
87 FBEREHAASEBEUFMEENFIRE(NEERK) -

» Acceleration : JZRMEE - #&kiB N2L - #E@EN 712 (longitudinal dynamics)RIEZR
R
Ma, =F -R -D,-R, —Wsin®

Nyt 77

(M+M,)a, ~R,-D,—R, -Wsin®

r
M, 2HREBEZNEEEENEFIEENSNES -

M+M,. effective mass

© SAE International

[y
(S}



» Mass Factor
(M+M; )/M: depend on the operating gear
Mass factor

Vehicle

Small car 1M 1.20 1.50 2.4
Large car 1.09 1.14 1.30

Truck 1.09 1.20 1.60 25

3

B AERALRERIAT © mass factor=1+0.04Ny+0.0025Ny” (H££%E)
FHRSIZREY - BEREENERS ) - WREREERBETSERHARINERREL - 1
REFHE  2RTHF-VHE TALAARRENINR - SRS NEEEE - WA
ENENEBERRIASHEEAARSHELE)  HIEENTIREZEES NEARDN
RIS - ARt o222 RS F-V curve 858314 75 - (CF: please google automatic

manual transmission, AMT)

3000

2500 [

2000 |

optimal shift point

1500

1000

Tractive Force (Ib)

500 | 3,4

Speed (mph)

16



MR ZEHE - SRS F A #E%Es (Torque converter) -

BREBEERRVES - WHNE -

Turbine

Stator

- Torque Converter (/1%E¥51£28)

Impeller

Output/Input Torque Ratio

AU —(EEE RS S —

Lockup ——p,*
“— 100

— 80

— 60

Efficiency (%)

—{ 40

1.4
Output/Input Speed Ratio

1.6 0.8 1.0

Torque Capacity Factor (Kz): An indication of the ability of the converter to absorb

(or to transmit) torque, which is proportional to the square of the rotating speed.

K:cis determined based on the curve provided.

rpm fpm
(Nm)"? (Ib-f1)"2
240 —
200 TORQUE RATIO %
20 — 200 |— EEFICIENCY 4 100
C 150
16 |— g 160 }— 80
o
F : —460 5
& 12— > 400 |- 20— , 3
Y Q K. INPUT &
3 08l—=& 80 [— e —40 &
& < &
) 50
o 02 04 06 08 10
SPEED RATIO

17



Ki-and G, (torque ratio) are both functions of C; (speed ratio, defined as No/Ni)

2
, .
T, = Ctr( < j Torque output to transmission
K

tc

Exercise: use SIMULINK to construct the TC model and simulate

(D)
Ti
Nin >X
P L >
it Rl &
.—-}{- impeller Tt
guotient turbine
Ne K
speed
ratio factor > |
Torque
ratio
TORQUE CONVERTER

For automatic transmission, because the function of the Torque converter changes
the characteristics of the engine output, the combined F-V is as below. (E SR R1&
FFAFEHMK) - BBRCHINERES —IERE - AIAEREIDBELR EANERS

x - RERESEREARE DA RIMARZEUERETENRRE -

18



3000

2500
g 0000 k- \ 18t Gear
£ 1500
@
>
B
@ 1000
bu-
500
0 . 1 | | ] | 1 1
0 20 20 60 80 100

Speed (mph)

- Gear ratio: (B EERRIRLD)
+ The actual ratios selected for a transmission (general guidelines)

- An optimal 1st gear for starting
- A 2nd or 3rd gear for passing
- A high gear for fuel economy

Geometric progression({fk 4oy L fIE{ep)

- Ensure similar fuel economy in each gear.

92 _%3 _o1_

& & &

Kg ="y —1/% where nyis the number of gears
1



m Selection of gear ratios based on geometric progression.

- BHE
+ The gear ratios may not be arranged in a geometric progression.
- The ratios of intermediate gears may be chosen to minimize the time

required to reach a specific speed, such as 100km/h or the maximum speed.

For example:

IEXILEEX] Gear ratios on a typical passenger car.

&y & &3
L
@

e o d

3 & / 4 7

] 5/ &0 &7 i

o) / Vi s

2 7

O / /7 Ve

c / / 7

L / / //

/0
/ s //

= /// Ve
S / 7
2 e §_1:§_2 :%:Constant
€ ' 2 S3 &4
£ Z
w
&
a Road Speed

Engine Speed

7/
!//// 1989 Taurus SHO

Road Speed

© SAE International

REEL Geometric progression 815

é =0.651 é =0.660

1 2

S =0.738 o =0.732

3 4

average = 0.695

HEMsS - L2y AEERERIZERETERE - —MRFE R specific fuel consumption

map (ECHFEE?) A —E51Zr0EE - N NEZE—{E V-8 5

FHTRE -

20



120

100

80

60

40

20

Brake Mean Effective Pressure (psi)

Consumptlc:-n [Ibfbhp h) 5:1_ X Wide Ope'n Throttle
E 5,8,_ —~ N —
e VA T
I N/ / ) T |
) ,c"‘LH jid
""l-u_____'_.-l'"—
\ S~ ~ Operating Schedule of Ideal Transmission 58]
— —.
[f'—""'-—-.._ I e ——— — | 62
-~ ?‘--———-*"'“:_ | 68
-1 272
—— T — 84
i —— o2
1 2 3 4 5
RPM (000's)

Exercise: SIMULINK example “Modeling an Automatic Transmission Controller”

Example problem: [from Gillespie’s book]

1. We are given the following information about the engine and drivetrain components

for a passenger car:

Engine inertia 0.8 in-lb-sec?

RPM/torque 800 120 2400 175 4000 200

(ft-1b) 1200 132 2800 181 4400 201
1600 145 3200 190 4800 198
2000 160 3600 198 5200 180

Transmission data, 1 2 3 4 5

gear

Inertias (in-1b-s?) 1.3 0.9 0.7 0.5 0.3

Ratios 4.28 2.79 1.83 1.36 1.00

Efficiencies 0.966 0.967 0.972 0.973 0.970

Final drive Inertia 1.2 in-lb-sec?

21



Ratio 2.92
Efficiency 0.99

Wheel inertias | Drive 11.0 in-1b-sec? /Non-drive 11.0 in-1b-sec?

Wheel size 801 rev/mile = 6.59 ft circumference = 12.59 in radius

Solution:

The effective inertia is given by the second term on the right-hand side of Equation
(2.9b), which had the following form:

P - TN, _{(Ie +1, )th + I({N? + Iw}a_;( (2.9b)

Ir r

The term in the brackets is the effective inertia. It is calculated as follows:
2 2
Ieff = {(Ie + It )(Ntf ) + Ide + Iw}

= (0.8 + 1.3) in-Ib-sec? (4.28 x 2.92)z +1.2%x2.92* +2x11.0 in-Ib-sec?
=328+10.2+22=360.2 in-lb-sec’

Notes:

1. The engine and first gear components are the largest inertia when operating in
first gear. In fifth gear, the inertia of these components is about 9.7 in-1b-sec?.

2. Only the inertia of the drive wheels was included in this solution because only
they subtract from the tractive force available at the ground at the drive wheels.
We must keep in mind that the non-driven wheels contribute an additional inertia
when the vehicle is accelerated. The inertia of the non-driven wheels should
be lumped in with the inertia (mass) of the total vehicle.

3. The rotational inertia, in units of in-1b-sec2, is converted into translational
inertia (mass) when divided by r? in Equation (2.9). We can see its magnitude
as follows:

M =L /r" =360.2 in-Ib-sec’/12.59*in® =2.27 lb-sec’/ in

Perhaps the more familiar form is the effective weight:
W, =M, g=2.27 Ib-sec’/in x386 in/sec’ =877 Ib

Comparing this figure to the weight of a typical passenger car (2500 Ib), we see
that it adds about 35% to the effective weight of the car during acceleration in first
gear. The inertia of the non-driven wheels will add another 27 1Ib to the effective
weight (1%).

2. Calculate the maximum tractive effort and corresponding road speed in first and fifth gears

of the car described above when inertial losses are neglected.



Solution:

Maximum tractive effort will coincide with maximum torque, which occurs at
4400 rpm. So the problem reduces to finding the tractive effort from the first term in
Equation (2.9) for that value of torque.

Fx = TeNth]tf/r
=201 ft-1b(4.28x2.92)(0.966x0.99) /12.59 inx12 in/ ft
=2290 Ib

The road speed is determined by the use of relationships given in Equation (2.8).
Although the equation is written in terms of acceleration, the same relationships hold
true for speed. That is:

o, =N;o, and o,=No, =NNo, (2.8a)
The wheel rotational speed will be:

o, =0, / (NN, )=4400 rev /min-2nrad /rev-1 min/60 sec/(4.28x2.92)
=36.87 rad/sec

The corresponding ground speed will be found by converting the rotational speed
to translational speed at the circumference of the tire.

V. =, -r=36.87 rad /sec x12.59 in =464.2 in/sec =38.7 ft/sec =26.4 mph

The same method is used to calculate performance in high gear as well:
E =T.Nn,/r
=201 ft-1b (1.0x2.92)(0.99x0.97)/12.59 inx12 in/ ft
=537 1b

o, =, /(N,N;)=4400 rev /min-27n rad/rev-1 min/60 sec/(1.0x2.92)
=157.8 rad /sec

V. =o, -r=157.8 rad /sec x12.59 in =1987 in/sec =165 ft/sec =113 mph

2.2 EpfaEh 1ERERI (tire model)

- RRBERENIER  BNRGRD NN ESERIGEEEVEEDRZ KR -
WHMFBEIEE—m LNEFHE(EM ) - WREIRK RN REIR =Mt -

F=uW

BRIRMFET - WIRBRASWIERN(EELR)SEEMN - AIUNTRREMREHE
SR - ERE - ESvEEREEEMEENEZERESERS - Gillespie WRARR
MR - EE N EZEWEBNEENATNRABEMBRARERR)  RERE
AR E ML FE - AREBNEEFEETELRAFE - TRABLEMEIFS

23



T At—RERSBNERRMESEAEREmME HEHERAETH CarSim
) -

24 . W& - Td 8 Ts DRI drivetrain iR sprung mass EAERNFE(—AR T
= Ty=FRr/N,, Q:NEME?) Wy 2RRNAEHER  BENESHTOSEER
W, =(T,-T,)/t - T IEESHNEANEEREE  RALONSEFEHIEN
i) -

m Free-body diagram of a solid drive axle.
/\TS

-
—

b

[ il
g w, W,
25 t o 2
2
Exercise: (] CarSim #E{ T4 m iR IF R
- BEBEUEE  IRERGENE  RBEBREP - BRHNEBTHELRARERAS
w
Max = —?Dx = _Fxf — Fxr — DA — Wsin®
(refer to Fig. 1.6 above, from Gillespie, should be clear) - REHWHEBBRZ - Bl
MESHASHEZAELNE  BIRORBER - ZREN - RIS BRETE

FERERNHENRARRMERRIRAR ]  EWMASRNERERBRAN - &
RINFBZBWIEBE S NERE - RAFARRY -

_ I:xt _ dv Vi _ Fxt s _ FX’[ S == RS +
D_WW_—anmm,hdv_—RILdL\Q—Vr=M4Smﬁ%m%%mh

X

W ERAEHRLERD)  BREERENETY  ARERD

V V dx dv D v
t =—20 =0 | mag o dt=—=——_—", __["
““E M D i 2= BB (SD) Bl R VIR D, |, dx jvo Vv

X

then D, -SD = —%(Vf2 -V7).
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VOZ VOZ

2F, /M 2D,

HA R E T REERE AR 2 AR(Why?) -

ﬂkkﬁﬁﬁ RAULLA) - (SRR SRS LG - AR - BT R
HERREEENE - (BAEEREIE -

so SD=

EEEEEN  E—SHTEENTBREEEAINR TSR - REMNRET
[E])
ZFX = Fb +CV2 ) % DA:%pCdAv2 .

\

Pax=-M[" dv
SEAD) = SO M = — _
tﬁﬂlZHUEqT&/ﬁiﬁ 0 X J'VO Fb+CV2

2
SD:MJ.VOLZdV: M | Bt CVe
o F,+CV 2C F,

E@EEE . Energy = %(vo2 -V7)

2
E5THE - Power :%V_O

S

BRI . Power = RV,

3 SKEZ4iMEAY (brake model)

- HEZRF  ARE—REEZNEMALN - BERNARVHELAGRAHE@ TNE) - 37
TR EH(passenger cars) ZLURNRER TR - ERAREBNE—LEHH LE
B DU BN AEEEE -

- WIVKE | 2RFEAW Fig. 3.2 WA FKBEIEE - ERATHREH A (shoe A)
RIEEB NBEWE - BEAFENFENSIT(AREEEE/]) - &5 A W E(pivot) B
B - OJiE

D M, =eP,+nuN,—mN, =0 - B Fa=uNa 245 R R E0ER N
B3 > A5 7 $EHY I By

> M, =—-eP, +nuN; +mNg =0

BIE A
Fa HE Fy HE
= and —— =
P, m-un P, m+un

25



- Brake Factor: &k EA (72 brake factor) ol B B A B AEHIBEBAWRES -
— M leading shoe - It RERN B HEE 7 MFTELRNZESE(Shoe B 81l
trailing shoe) - 53R 5% % Brake factor - IREEGH EH - BEEZEEXR(DFH
FEEHEER)  REBEEEAZTELE) & m=un F - leading shoe WD F% 0 -
REMEN PAEEEFERARNEZNEARBHILNIRR) - BA—EEER - BAS—E
ABER DT - leading shoe PRERRIEE T Fa @M MY - TUCEEE 1% shoe A 2R
R 7T —EIERETE - SREEBRMBE PARIIR - FHFFEM Self-servo (B
E8R) - TMEXREESTNERNESEMAKEMS(REFHNBEERTR - E2—E
IE[E#) - ¥ trailing shoe ZRER W ERI A8 2 (B HOETENNRY PA £) - RETOIIEEZS
7T - BECABEER leading shoe, trailing shoe - A5 A[E# brake factor. F
brake factor WO MBEHENFKEMS @ KL R (lining) WEEERE(WRE
Z . MPE2—EREHNIZER  BFAREFHFEHBERAEMEZHEE -

m Drum brake and disc brake.

Automotive Braking

- Disk Brake Drum Brake

© Shutterstock (a) o Shutterstock  (B) © Shutterstock (c)
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m Forces acting on the shoes of a simple

drum brake.
Drum
/__N
Rotation
© P, —fo
uN
°/ B A
Ng g = Na
£ e =1 T
3 Q
Trailing Leading m
Shoe Pivot /Shoe “NAl %
3 B
©

Q: B AELRES 25 ABS?

- BRIVHE  EAREIFEEE - BEREREEIRER —EKiH(caliper) LRIRER
(brake pad)BEMEEEERS - EENER EIFLERMEBRIERGEERIER (K

BFIH)ASERE - AR AREMSEFRNREETFRS - CCRIRMERHNER - DT
A Mg E E—EEE 4 - FEFIEBEPH dyno (dynamometer) AIE M SHI
NFEHERZIR - MERFTHEEBERENMT FelH#EF - ABOELIRRANT]

MERBIEE  MBRDRENERENG ME(SRRERGHRE)  BEEEER

MEMBENZERM LA  RitEPBEEREARENRENIESR(sag) - ALt - BE

TBERNBRERBELRFIITH - HMBEINEA To=»APa, Vel, Temp) - MEE X FolkE

B BRI - T= (P, T, Velocity J, Temperature /)

BEXRBNELNZHABRESNBES - UMENR  SERBRERZR - BiEHEBME

Fb — (Tb _rlwaw)

m T ZEAH EEFREMNWAERIRBORTE - BRI ZBWBNRIER - ¥
I ZE Tb A - ERAASHIENS ~ SUARERE - oI RISEwIBAIEBM -
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Q: NMEFA RSN NER AL N 557

IEETEEEE] nertia dynamometer torque measurements.

Drum Brake Disc Brake

(O] (O]
> >
=3 =
K ke

Velocity Temperature

Effect Fade

Time Time

- BWIREEENEERS . ASolh - RIESEWMH NE—REREZNMD - BR 7 LEE

BB MELINEREBEARESR) EEENE W EERRVERE - 21

HEWREES T ETEZNNEET - FHIEHRNIth Q2B EmEs B ENEER

= - WIRBRERVAEIFRENEEBE(slip ratio B2, or side slip angle )5

B - EBAEMAP) - ARERHEANIUNEEEN/NREAFERE) - BRA9 ABS -

EBD - ESP 54t - TEHNAESEETHIIREBEAZE/BE -

iR E R ER N T EZREMEME - 2R N Fig. 3.4 - —EEMREMNENE

(surface adhesion) - — B2 A2 EFIR R (bulk hysteresis) -

- Surface adhesion arises from the intermolecular bonds between the rubber
and the aggregate in the road surface.

- Larger on dry roads

- Reduced substantially on wet roads
« Bulk hysteresis mechanism represents energy loss in the rubber as it deforms

when sliding over the aggregate in the road.

- Not so affected by water on the road surface
MTERIIE S N38— 2B = (slip or slip ratio, denoted )W EESBEESE - 2R AWM
I - ERAROHTUt DR oI HEBRGB(WHRAER - ERX LR AFERRIEQ NG
R MEERGEEBELSEMRE - MNERRZERBREARRSWENEER
DE® - s - ER2ABER @ WIhHEEESCENRE - =0, R ZEHIEH
SERG - BARTFIE ~ BEREA 0 Ala=1-

3 V —wr
/U:EZ:f(Z) slip: A = Va)
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m Mechanisms of tire-road friction [6].

LT

RUBBER

/

Aggregate

Hysteresis Adhesion

N73 Fig. 3.5 SRAAEEME M ENMERNEIRS - Wi RBEHEEEELERE -
ARl R B E R Mz —(E patch + IEE MDA B I 8K (Bt R Mg & R 1E )
W50 BEE/))  aPEERREEEANERERE - M slip WEER N -
RS EESET 2 REBE - BiF patch BI—/NRBAHEEREZEAX - EIERERE
Y NSRS - BEFEELEEM) -

R A MAE - EREGEEEERER slip A\LIEZIR - #4140 Fig. 3.6.
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m Braking deformations in

the contact patch.

Tire
W V
—_—
| Contact |
Length
Vertical
Load
Friction
Force [
Relative é
Slip A
IEETLEEX Braking coefficient versus slip [6].
0.8 ‘
hg A —_| unstable
P
1 T
0.6 MpAk 5
0.4

So ’hpN
W,

0.2 " \

_‘—‘—‘—‘—‘—‘*‘———.

Braking Coefficient

.—-——'—'—'__'_-._‘_‘—_‘_‘—-—._‘_‘
0 Hysteresis
0 20 40 60 80 100

Wheel Slip (%)

Example Problem: [Gillespie, p 49]

1

Consider a light truck weighing 3635 Ib, performing a full stop from 60 mph

on a level surface with a brake application that develops a steady brake
force of 2000 Ib. Determine the deceleration, stopping distance, time to
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stop, energy dissipated, and the brake horsepower at initial application and

averaged over the stop. Neglect aerodynamic and rolling resistance forces.
Solution:
The deceleration may be calculated from Newton’s Second Law:

E (2000 1b) 32.2 ft/sec?
D‘:F—‘:—":( ) = 1 ft,
T M M 3635 1b sec”

The deceleration can be computed directly in terms of g’s by using the form:

E. E  20001b
D, (g)=-t=—t-= 055 g=12.08 PN
W W 36351b sec

Now that the deceleration is known, the stopping distance may be computed using

Equation (3.6):

2 2
sp=—o Vs
2& 2Dx

M (3.6)

88 fi :
__ (88 ft/sec) =218.51 ft

2(17.72 ft/ sec?)

The time to stop comes from Equation (3.7):

V, 88 ft/sec

0

t, = = —=4.966 sec
E /M 17.72 ft/sec”

The energy dissipated comes from Equation (3.11):

M 3635 1b 2
E =—(V'=V?!)= 88 ft/
netey 2( ° f) 2(32.2 f‘t/secz)( sec)

=437,103 ft-lb

The power dissipation at the point of brake application is simply the brake force
times the forward velocity, which is:

Power (initial) = (2000 lb)88 ft /sec =176,000 ft-1b/sec

=320 hp

HP(initial):[176,000 ﬁ'le L hp

sec /550 ft-1b/sec

On average over the stop, the power may be computed using Equation (3.12) is:

M V? 3635 1b (88 ft/sec)
Power =——=

2t _2(32.2 ft/sec’) 4.966 sec

_ 437,103 ft-1b =88,019ﬁ_lb 160 hp
4966 sec sec
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tire force (N)

2. For the vehicle described in the previous problem, calculate the stopping

distance taking aerodynamic drag into account. The aerodynamic drag
force will be given by:

? 2

2
— 0.00935 (‘b'sgc y V2t 5)

ft sec

2
SD:MIOVO Vv Mln(Fb+CVOJ

Fa=CV

F,+CVZ = 2C F,

2 2
2000 1b +0.00935275€¢ [ssi)

B 3635 Ib " 2L sec
_sec? 2000 Ib
2(0.00935lb i )(32.2 ftj)
ft sec”

=214.69 ft

S—@ERAI - from Rajamani’ s book :
4000

3000

acceleration

2000

1000

-1000

-2000

-3000 deceleration
(braking)

_4000 | | | | | | [
-04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
slip ratio

Figure 4-2. Longitudinal tire force as a function of slip ratio
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2.4 1BERIBEFNE (steady-state cornering)
RERBAEIRZE . ERNHENENR  RRERETEERBER - TOAGEZEZ (8
B ONSERERES  RERERISEFBMEIIOILIRE - FAIUER EAREE

AR HNEE - 28 F7H8RA Fig. 6.1, BR/\AERE(tans=6) - o]

L L

% oty % (1)
Rea) (=)
2 2
RN EQBREANIMIBHNEDA(REBREXKEAR)  IRELLAEZE
SENESREE —(EREDOES - TUSHEEEFEERRINYEE (ERIEEFEERE
BE) - HRMEEE (track, IO E - SRNZBIEARIMUEREE—IE - HMAWIEETEE
4. IR E R —ESMWF9E @B (Ackerman angle, X R E/)BEEERE

g (forcing t—0)

5 =

x| e~

VmESARERE  EaRTHE  REE¥EAX  BEEALAERIT(ESIINIE
RUEEENBETE)  (BEFEIFRE(parking lot maneuvenBIE T - BiE

HAEMRAIMREOANESE  AREBEOZREHERTE -
m Geometry of a turning vehicle.

8o 5
L \ i
<lm M .
u‘] Turn e
|<_ t _ﬁ Center
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¢ SEHEBERZ: WKZE—EHNE2ME  BREXSEE - JRBM@E NE
WE - BRESNHERFEFAZERARMEESEENE - EERNEESRNE
ZREREDE - 2R MFRKA Fig. 6.2, BWARRRIENEURRER a8 E) 75 [0 &
B MERIKE - #EUBE (slip angle, o) - MAENELIEARRBEERNEMR® - &
NEER  fMERY - HItEE g L—EREENE@E M (cornering stiffness) sk

(AVE S
E, = Cqa

EREWETY  CofBEHH  EBEWMEE - BEAR - BASEREER - W
BEMA FEBWIASHNNEE BEEEHLONNAFRE - RERMBIFHE

(EUARFL - BERRA) -

1800 - :
1
1600 - _ I :
Elastic or
Linear ! Transitional | Frictional
Direction 1400 i i
of Travel | p |
1200 | | | Goodyear
— | »/ |
2 Joool. | | Eagle GT-S
S |
3 | | F =1800 Ib
& 800 I | z
3 |
Sli le f |
600 |- pf;gkag%eeralofrorce |
|
400 | COL :
|
200 Slope in Ib./deg. = Cornering Stiffness :
|
0 1 1 1 1 1 1 l L 1
0 1 2 3 4 5 6 7 8
Slip angle (deg.)
EZRIBERNZRAE VRN —(ESHERREFESE - WAL OB EZERD
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mu?
ZFy =Fyf+Fyr ZT

CRUBE - 4% Z Bh(yaw plane) B E) S1%E &% O (constant

)y

UEAh - EEERETTIR

%

yaw rate) - 2R 75 Fig. 64, T18F,ra — F,b = 0,50 Fyp = 2F,, (A LEOR

7). A8

BE AmBRAIDOWER - oS

a _mu*b 1 and @ _mu?a 1
F 7 R Ly "7 R LCer

1S - BRuEEIHMARKNKE  KEBRESZ2NDTIE

vV+ar v—br
a; =0; — ==

u u

ERREE - HEE IS

A VRIRBEAEERSERNEBENRENREANESE - WERBEE - LAE
EAZIERR - RORES - BEERTRE - rvR/ - M@+b)=L - BIRWEEZEX
FAEB(ERAX=E/00  TEAERIEARIES) - MeER - ILEEAER
BE - —RME - EREAARERBEAR - HMHEUIRESR" understeer” - 15
VmESmAEMIEOET  EREBERABZEEAKN - RZHEM" oversteer”

&E - RAIEEANRNIHEABRENI T - oF
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5_L+ mb  ma \u? L+K
= LCy LCy )R R TWW

FRBEERNEER - & 7 73E57# understeer and oversteer FIE - HFIER
B4 A —EME{E understeer gradient RIS - M EBEEHRE T BRI E (D
R (ENENGRE)  TEERRAREOMUE - ATERNEORY - SGHBRIER -
PP UICEEER understeer IR % - RZEIHBIBR - BWA oversteer - E
Kus=0, B/ neutral steer. Kus 2B WERQRSUHN—REZEE - GBS
HEZEE) - neutral steer I RE@EF - REEE Ackermann angle #ZE]
o BEFRESECHEOAWESH - ¥ understeer EEIMS - Kus>0, FTMIEEIR I
Tty L LS - BRAaL Rt 8RB —EE - FILURER  EBREGED

IEFIBE - thEREREEEIRRFE K NEMIENBE - SFa RO ERARNE

ﬁ

& - EULAREBDFRAEMER TS understeer (N ZERLBELE - WvEMY - KES
EXEHE) RERER - —LwE(FLEH - BES55 EERNESREE - 8
ZTEY oversteer, ERIENEER - MERMEEIRFIBE - SFSMEEEIE L5
SEMNRE - BEE/EFRARCMULE Y - RA—MERVREZERRF - kM

AR E IR IE -
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By

Def: B=v/u, EEFNHMEBEFHEE Q: a+p=5?

]

o
w5

e,

_

RHERMHBENWFE - ¥ understeer B MERFEHEZE (Ucha) RHBERAFTKEIZEX

REAMERRNER  SAQAIRF

U - L
char KUS
M¥f oversteer B8l - FMIE R TR EIR(Uci) MEBEAF KRS 0 FAEE
U = —L
crit — Kus
i@ - EIEBEERT - AREOEQAEMENBRE - E2A0ERENIRSE - FE

oversteer EEEEEIFIBNNASH - BREBAETENE - ZEREVURLEHR/NAE

B EFBEEERARNBEEF) - FILK EHERHENBRENIMREZEMER - EA
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JIIF

AHR) - Note: RARINIBEE AR - RBZIEE(EA SAE BB - REGIEMERKFET]

ZEENEDR  SUATNEMTESE  BESECHARERULIREGE -

Steer Characterisitics vs. Velocity
L = 2.5, R=150, ratio=12:1, kus=3, kos=-0.5
120.0
Q@
yd
= 800 =
3 /
£ 600 Hehar -
= / 7
> 40.0 s =
£ \
g 200 et
9D 00
-20.0 \
V\‘ 50 Velocity (km/hr) Verit

HE—FTH Mol ERAQNEEIL 5 (lateral acceleratin gain, Ga)%&

u2

u
G- _R__L _
5, o R
L

u
L v

L+ KU

op 1+ K

u
USL

- DIRRALZE1E % (yaw rate gain)

i B IR I D ENRE (ay, NHEE O ARVLCAIR % - IRAFEARY - ¥ oversteer E2ERM

= SERORFREER - MEESoEET 0 - ACRAEINE

ZEMMRAARE) -

REARMEBIBTE
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[example below is from ME568 coursepack from Univ. of Michigan by Ulsoy and

Peng, which is adapted from Gillespie’ s book]

Example 3.5 - Steadv Turning Behavior and Understeer Gradient

Consider a car with a weight of 8000N on the front axle, 6000N on the rear axle, a whekl

base of 2.5 meters and the following tire cornering stiffness characteristics (one tire):

Vertical Load (N) Comering Stiffness (N/deg) Comenng comp. Coeff. (N/(N/deg))
1500 502 2.987
2000 656 3.050
2500 787 3.178
3000 903 3.323
3500 1014 3.450
| 4000 | 1100 | 3.636

(a) Determine the Ackermann angles for turn radii values of R = 200 meters. This can be readily

X - L . .
caleulated from o I E with the correct units:

. 2.5(m) i -
;= 200(m) =0.0125(rad) = 0.716(deg)

(b) Determine the understeer gradient, K., using Eq. (39). This requires that we know the

cornering stiffness of the tires at the prevailing loads. On the front axle we have a load of 4000N
per tire. From the given data in the table, we get the cornering stiffness of 1100 N/deg. Similarly,

for the rear axle the load is 3000N per tire and the cornering stiffness is 903 N/deg. Thus,

N N )
= 8000N  _ GO0ON | _ (36363 . 3.3222) deg/c = 0.3141 deg/g
© (1100 *2N/deg 903*2N/ deg)/ ]

(c) Determine the characteristic speed using Eq. (33):
K_ =K, /9.81=0.032 deg/(m/sec?)=0.0005588rad/(m/sec?)

Uchar = . % _ =66.9m/sec



(d) Determine the lateral acceleration gain using Eq. (35) for u = 55 mph = 24.56 m/sec:

2 i 2 i Ry
L STy m see ] ~3.71 mfsec? (40)
a .L -+ 'Kusu‘ N Fi / h d.eg J
(e) Determine the yaw velocity gain using Eq. (36) for u= 55 mph = 24.56 m/see:
( radjsec) deg/sec)
i Y (41)
" L+ K u “orad voodeg

Note that the caleulated understeer gradient shows that this vehiele is very close to being neutral
steer. This is a consequence of the tire properties only, and the steering and suspension systems
will also contribute to the actual value of the understeer gradient (see Example 3.7 below). Also

note the units in these caleulations, especially those in Eqs.(40) and (41).

Finally, let's consider the effect of tractive forces, Fxr and Fyp, on the understeer/oversteer
behavior of the vehicle. For the vehicle in a steady turn, the application of Newton's second law

in the lateral direction now gives (instead of Eq. (26)) the following equations at each axle:
2

b u

. a . .a
Fycos(0,—f)+F  smn(d, - B)=F, COS(E_ o)+ Fsin (E -0 = m— 2 (42)
and )
F cos(B)—F_sin(f)=F CD‘E(E—{I)—F sin(é—oc )—mﬂi (43)
ar : ar R ' R r xr R r LR
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which can be obtained easily by projecting all the forces onto the direction of the instantaneous

rotation center.

B |9

T

R —

Assuming small slip angles such that sma = o and coser =1, and linear tire assumption, we

obtain
2
mole _p 2 2 F,2
o - IR "R o ——L R R
£~ r =
Cor — For C,—F,
A modified form of Eq. (34) to include rhe effects of tractive forees can thus be obtained:
b u? a a o b
I L MTo F,— m—-—+F —
§==—(ot,~a)== - LR "R _LR R
R “ R Coy— F C,, —F,
L F, F, b b :
SR S 5 S S L (44)

R Cﬂ'f - 'F{f R Cﬂ'r - F\T R L(Cﬂ'r' - Fn') L(Cﬂ'f - Fx?'j R

Although much more complex than Eq.(34), this equation also has the same form. The

Ackermann angle is now modified by the presence of the tractive forces, as is the expression for
the understeer gradient K.

MEBCHERBE  EOIRIEIRRIZEMEAZEZE (W camber thrust, roll
steer &) - HEEHBBARRZEINESHERE - AEEBAVESHE Gillespie’ s

textbook -

2.5 fIfEENNHEBETHESNER (roll dynamics and vehicle motion
model)
- EHOEBNBEERSEME  ESWBETHTS - oJptBBARERHE

- STEFHEL ADAS BMHBARVRIRE) 2R



FHESEIZAMENERERE - EE LEHF—EE" roll” FEZ(sprung mass)
BRAF—EAE" roll” REE(unsprung mass) - FEZ" roll center”
CF: quasi-static roll analysis (& AIMEDAT)O]2 & prof. MP Hsu EE8iE) H &

RIZMENEFERE (provided as supplementary doc) - 3 # Gillespie A -

4} CG of m,

Parallel to ground

CGof my,

CG of both Zp ~a

roll axis
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motion, it is assumed that u = uy + u'. where ug is constant and large and u' is small. The
quantities u'. v, 1. p and f are all assumed small, so that their products can be neglected. Based
upon these assumptions and the definitions given above the linearized equations of motion, in

terms of ', v, r and p are:

Y Fx = (MR + mNg) U (45)

2 Fy = (mr + mnr) ( v o+ upr) +mp h p (46)

SM,=L, 1 +Ig p (47)

SMy=mph(v +ugr)+Ig p +Lg, T (48)
where

Iy = Ixx[r + MR b% - 26, Lglp + 052 IR
Ixz=mrhc-Igr+ 6; IzlR
I, =L;/r + Lz/Np + mR ¢2 + myp €2
The equation for longitudinal motion. Eq. (45), can be neglected if one makes the further

assumption that u' = 0 (i.e.. u = uy = constant). Then using the sideslip angle b = tan-1(v/ug) O
(v/up). and since the velocity of the vehicle c.g. is \Ju? + v2 Z ug. Egs. (45)-(48) reduce to:

X Fy = (mg + mng) up ( B +r)+mgh p (49)
SMy=I, 1t +Ig p (50)
SMy=mghugr+Ig p +Ig T (51)

These equations then represent the linearized dynamics of a three-degree-of-freedom (i.e.. vor 3.
¢ and y ) constant-velocity automobile without tire dynamics [Segel 1975].

To complete the model. it is necessary to develop expressions for the force and moment
terms appearing on the left hand side of Eqgs. (49)-(51). In doing this assume that the vehicle has:
(a) a solid rear axle which does not roll (i.e.. neglect vertical deflections of the tires due to lateral
load transfers). (b) an independent front suspension which causes the front wheels to incline as the
sprung mass rolls, and (c) rear-suspension kinematic properties which cause the rear axle to steer
as the sprung mass rolls. The side force approximate expressions given in Eq. (25) will be
utilized. However. these assumptions lead to additional side forces and rolling moments as a
result of the roll displacement of the rolling mass. Specifically. the front tires incline and produce
a side force equal to:

Ry (52)
¥ 0
and a yawing moment equal fo:
g 8(‘9 ' 33
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0 mgh 0B [Y, Y,-mu O
I, I, O|r| N, N 0
l, I, O|p| [0 -mehu L,
0 0 1jg| [0 0 1
= EX = FX + B, 5,
= X =E-FX+E*.B,J;
= X = AX + B,
FZmap
i 5
Root locus (u=30->15 m/sec) :
|
AN s

- BHRFEER  HRBLECUS I IOREEEEE - IRA

o[B8 & A — B BB R EHALITNEE  (EEFM" FEE"

TMAEMEBNIRR -

mu
0

mehu
0

Im

R

PR REZEEIRY -

IR RMIERE

=

-

A o]

_<
S,

o o =
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m = (mg + MNR)

bC,, — aC,
Yy =—(C, +C,) Y, =
. (1
%)
v, -, 22 c, iah Y,=C,,
a6 ¥ A :
a’C - b C
N, =bC, —aC,, N =
) U
dy do
N, = L _pCc —~ N.=aC
@ al a(lb ol a(p a of
L —-Cp

Exercise: fiEf CarSIM BN EIERLEELHEFSE - mMEEEERBERRE

FEEXREZEE roll motion 89 3DOF E1NEB, 1, p) - ERFEZERETE ~ - Bo/FREIRN
v - B EREEEE AN roll dynamics - FLL5EFE R, p MEAREZE] - 11777]!])\%
MENB(RFREREE)  ASLONWERUSERMBEQBSNENEHIER &
EFEAR M ~ FFENERMT -

y=V+Uy =uf+Uuy

j=r
U= l(FXTot +mrug + 2mh'gr + mh' g)

m
|:xTot = |:xll + |:xlr + I:x2l + |:x2r o (Fyll + Fylr)gf

FERESHBZ2FEMES I HBEENIRS - LHMER - ERBEARRITER
EREGT  EWREFSESRESHBRENAOETHME ru, v (B) NERE) - SEZR
HREENFEIE non-holonomic motion ° (CF: holonomic motion 1§/ 2 &1 o] HFMY
847 6DOF o) -

Q: MEERVEE) - MEVEE)ZE holonomic %E=Z non-holonomic? Omni-wheel (or
Mecanum wheel) AGV IE?

BRERAHEEE - WARBAMERNES - oE—FEH{EEZ 2DOF (yaw and lateral)#
EWmEFHBEIUMT - R —REEETERLZ (bicycle model) - AARAEBRERIEE
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w2 A Al B 48 AX single track BE#i(bicycle) I RERMIEFARY - IRB A SAREEDES)
(lateral motion, aka yaw plane motion)# k&t - EFMEE(ERE - EARNYIEIR S
DTBRE BN - BWERKAE  HEMBEZINIRREERIE R LBEBE:
HERBBENABRAERENAE - IMIEBTERA -

0 1 U, 0 ] "0 ]
Y] G +C, 0 bC,, —aC,, u, y] | Cu
dlv mu, mu, i m
el _ + O
dt |y 0 0 0 1 % 0
. ST ~a’C, +b’C,, |Lr] |aCu
] |.u, Iu, | L]
Hep .
y REEWAEAE v BAIEERE (M / sec)
y iR r HiRMAZERE(rad / sec)
Up #EE3R(m/sec) Cor 7% BIEREEDIMEIE (N / rad)
Cor BB EEMIE(N/rad) o RBIERANE A
or HERENE A m HESESZ (k)
[, BESE 7 B EENEE (kg-m?) a HELERTE 2 FEEE(m)
b BENLZREE ZEERE (M) Or 7SRIEREE T A (rad)

Exercise: £ MATLAB f&#¢ 2DOF Ei 3DOF #&#BU7E %0 8 [m 8 A (sine steer, FH{IIETT
or slalom test) °
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3

3.1 E@WZEHNBEEIE

- BREBRART - ERLIEIRHR

« TV series: Knight rider (Wikipedia: K.I.T.T. and K.A.R.R.)

BB BN 1l B P | S+ AR TN BE 73 M

FEms  BEFE

Electronic perceptions: eyes/ears/nose/skin

Electronic action: speaking, driving

Al Personality

Some became reality: Cruise control, auto park and ADS, Surveillance (sentry)

+ Using NTU-EE Prof. F.L. Lien’s slides (from ITRI) as illustrations:

P&

Reality

Dream

Ii&ﬁmﬁﬁ @1.4 '-{mjwi.&-
Hlstory of Automated Driving - |

A frhn Ve GONE  rfutomatic
=)
X

Garage door opener

Power steering
i._i i — |

Radio-controlled car

Car-automation experiments
by GM, Ford, and Chrysler

1st automobile

IM

GM Futurama 2

>
DEEE [EE e
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TR AR
M g

Histo of Automated

% ( b
A X I e
Tsukuba, Japan,
machine vision
for white street markers

2

©

(]

14

Robert Fenton Ernst Dickmanns,
at OSU, German,
2 steering, braking, speed VaMP at PROMETHEUS

£

©

(3]

=4

o

1977 1986 [l 1991 [l 1997 2004, 05, 07 [
| 1962 [ 1977 , 05, 07 [STI
IREAHRR %% &S

. Areder

Nvidia

Reality

Google

Tesla

EX Ed EO EH ..

3.2 INAEDHR

EREBEWMEENESZ —ERRZER 24 - FOUETE B IEH R R EREE S IR

BiR - WIEHRANEERE - —EZEFIRNEXIIEEZEA | BHl(sensing or
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5

perception) ~ SR (decision) - i &j(actuation) - THAERRBRENE RN REE - 2
IRMZ BN E L pIEH 24 - DIREESE R0RCRIZS IR (RANTNEE) - ERIGIE

TH - RARBEEENAERR L RHES ES -

Blind Spot
Detection

Park Assist Emergency Braking

Pedestrian Detection

Surround View

Rear Collision
Warning

Traffic Sign Collision Avoidance

Recognition

Park Assistance/ :
Surround Adaptive Cruise Control
View

Lane Departure
Warning

Park Assist

Surround View
Cross Traffic Alert

B Long-Range Radar Short/Medium Range Radar M LIDAR Camera M Ultrasound GNSS

e Lo e

© Camera Radar @ LiDAR

Takes images of the Radio waves are sent Light pulses are sent
road that are interpreted out and bounced off out and reflected off

by a computer. Limited objects. Can work in all objects. Can define lines
by what the camera can  weather but cannot on the road and works
“see.” differentiate objects. in the dark.

Source: http://unbonmotgroundswell.blogspot.tw/2016/04/autonomous-driving-levels-0-to-5.html

Q: BEKEZE(ultrasonic radar) ~ EBiE(ZEXKKE or HKRK) ~ XELidanWEES

17 Q: KR RERAXEREHNREET S ERNEE?
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RERE D INBE R LIS 2R 52 5T ROERAR - WARIPRE - BRARDRRESEEME
Zoh - NEERAEBEMELE - EERINAERE - ERET—EEHDERIZREUTA
MINEERIFE RERY - RILHRMBBRIBEBRIFEERAE TROTNEE - et HE—I)
pEARERETIEHDER (BB ER) - AItBARZ L2 54 (5 ADAS)HKF R LK - ER)
HFIBREREH Al - BR TS EEC AR INEE (R 2 E R & B RER
mZ BEINEE FSD) - BAER Al AR EFAMETBEARRESE - HXEMBEERF
RERIEEE?) - EUASIERL -

RO RECHEREWHZEFHERAMMLNES - EXLEERDNNZEE ay
(BE LERHERT)IRE[EAS: (8 yaw moment, due to non-holonomic) - E#—F
o - EEEZEHI o] EE EPS (electronic power steering) - AAEHZE by-wire
steering - SEEHITHEL - ERMARESEORNZETIRBNOURTEZESEIR -
Yaw motion it & R AR a0 EE 1 (differential drive/brake) - & AR
4WD E2 ESP (electronic stability program)Z#t - BRIE A i@ 5 58 55 8 38 2R IR AR 2R
% BRIEWESEHNRE B EAZHIEIR(CF: 4WS vehicles, active
suspension) * FMNAMEZE - RIEMREMWSE LV4-5 WEREINEE - BRE ARVEE
ITECHFT ~ FE - FREBE=F)FABELEN - BWVESEHI D U EESRRE
(reinventing the wheels?) - BEEHBIMIBREIZ] R BIBEES -

Q: 4WS, 4WD (4X4), AWD, EHiRI=E?

HAFREEETIPTRHEMNNT ARRERS R - oKD - BERERZRE (B - ThEE

FEINEER AN Al) ~ /N\IEFEEHE - BB AZOIEEMIIEEIRVEA
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i) - MBE—FFAEIR - BREH - BEDRIBRZA 7T HERZEBEMMHNARE
bR - SR EREEDWIRA (S A S5)E] LR ERR B (cf SAE J3016) - LEDEE
BHREAER T AENAEER -

LIR/AREE R4 - BIW0 HUD ~ BSW - LDW ~ S ER - BRIZRAK - £2FER - /iR
WIS LR  EBEABERNRBHEWMRTRINETRE  BAENTEHREHEEMNAER
A - REBERER LV2(F LU TR ADAS -

NBEREWHE  BRZFEEFPH & V2 UTEBERANERANERE
DUATEBEBRARIESE  BLVIUELREESN  ERFEERFANGIEEEFE
. AClgEE - IESENERALRZGIRES  AESREMIIAKGEN D
T - ERIERANEMH LV WEEBINEEAZERER D &E(regulatory sandbox)#I5%

UHREDFEN - BEESEAEELEFEAD  REEHRBLE/AENEREEM

frit

AIBENTAZ - IBZBEEAT FEREF(inactive) - EERAZICKRENGEER - 7
REEINEE - ERBIGER - BEHERAZEFMEA(GERR) - 1 ABS - ESP - AEB

BRI - BRPITERR—MRERAASZEEZMECRIN - RICoIRBAULE RS
MEETIE S ERDRER NIRERBRATOEERENER - —ERXREGREIFGEREERA

KEE) - 2B RSN R L ERAREE - 2 —EICIIRVEGIZRE - ILHEEH

A1 ADAS BER R B A A IRIRECRI A (BB BE A RBERVFRY)
Q:HUD 2 LV #?LDW lg?

Q: AEIZARVZERFELLE :
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Q: ACC B EERUARIRACIS?

3.3 ADAS z#EEZH

CcC Cruise control

THREB 18 RFEERE  RECHAEEREZANIFRE

(why and

what)

atlSIg iR BR(EELERE)

WEEIR Throttle by-wire ZB—EFECERE 2L H)BE)AMME - BES|
ZMHT - EERERREE -

b=l BEEE PID fFEFRRZRRZ (requlator)Bl o]

ADS LV? 1?

EHEREE |REHZEHER  ERETZNERMGEF ZINEEHERIEGEER)

transparency

[58) 2 ¢ it E2 P

£

ABS

Anti-lock Brake System
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INEETE AR FrIEAEESHE - RILEBERISEROITER( BX)HEHER

(why and 2 (R ER)

what)

ATl SRR R (R 2 B BR R = - TRLENL

WEEIR &5 FEFANRBREREBRZETIEE

I AR HERBEME PID BN EZEGNE - ZEERAAMENEY - SEFEM
KaINIAR Al (rules)

ADS LV? 1?

ERERESE | BARTE T xzEH

transparency

[68) 2 52 it E2 P

£

PIL#aHE - OISt AR R FAMEE - T —SHHELBERNRGRHE

e.g.

\cl%
X
N

ESP

Electronic Stability Program

ThEEE R
(why and

what)

ATl SRR
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HNHER

AR

ADS LV?

ER&ERER

transparency

[67) 52 52 it E2L 7k

34

BSW

Blind Spot Warning

THEEE 8
(why and

what)

ATl SRR

HEEIR

FEHLAR

ADS LV?

ER&EREH

transparency

[67) 52 2 il E2 7k

£
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R BN 2 AL mlRLF

ADAS —rTFEREZEBRINBERFMERER - Wal—FEMER - iBLUEEENAE
BE - Mo DMFARARZERAER ~ IEEHERIE - DIRAREFNEHE - BRIEHE
sRBVHATS NMEA ADAS Rim2E B AL EERRADRRMEERINS I - BAIKER - BR
Ay ADS DJ#f5E%E « BHREE - IS ERHEERSE - BENREZARBEIBIEE -
EERARUBZMEEBTEEMARIERR - MERESH - ADS THIRENZIE
SWE I BENR UREE M (SRR R A TNEER AN EHE) - UriZER - mMEAUTIENAE
ERER ADAS - LI—ABRENABE - R HIEMRELLE ADS/ADAS 24HINEEINZ2
MER - —RUENINBED AR BB —SNERM - NERHHLEGERN ADAS 24t

ZIEHRREHE— PR AERER - TERB TG SRR EE RO -

4.1 BHENESFEE(AEB)
ICRBBIFEEE - ERHEIRIERYBT - BERAKERNMER - 2@EETA
REBEHE - GEREWMROENEEEMES - AIHERY 2R HEERIERBHA
RE(RARESAFERREE) - ZHDARIEA PID - B0 ETHERERE T - TEE
MERMBELRFNIEFRMETR (@I DRI - ABS BIEE) - IR RIBI 75 ¥4 (R

AzmBEs  EEHTREKN  BBXRESE) -

Exercise: fifiBE SIMULINK f&#¢ - $#£[C CarSIM -

Q: AEB 1= B 75 M) 14 RUBLRIZR B L ?
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4.2 BEEMEEKH(ACC)
LURRAS S5 SN R E AR AERE S 2B
R R R A ACQE 12U ) - BRsIRPIESE  BEREOSSE
 —BARTHHAEEREEE - WEFT - Hop
- BB R R G 2 A SRR
- BTE EEELNERERES
- B=E : BEBHHR
- BIUE BN R R SRR

- ShE : EEAtmES

B

- SENE  EE - R EES

il

B—EHBARENRMER - Aok - HEWMEREHRESTHNAEREE B
#RIY(ACC control)Ei/E &k T (longitudinal control)@EEERE#HABREM - EARIT(ACC
contro) EZ 7 INEEERETHEWMTRSGNBZEIREINNETEN DR - B ACC IR

FHE - MmEART(longitudinal control) =2/ T FREZ /ORI E EAFE B HITIEE

L 1-1 Radar | |Wheel speed Yaw Rate Other
evel- data sensor sensor Sensor

Radar object Determination of course
Level-2 detection curvature

Object selection course predication tracki
Level-3 ! P e
Level-4 ACC-control-
Level-5 Longitudinal-control

Engine management Active brake
Level-6 Drive train intervention

Bl 1-1 ACC 4341 & 2o s A% 1 WI[69)]
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4.2.1. ACC NeEt =04
MR 3 (ACC) - BEES BN B il 4t (o) SR ES BR B BAEE 3R - BR T AEIE R R KT

(COZER - BEBERFES ZIREER(or headway) - IRERIERESI - ACC

EHZRRETT - FROMTERERASEABMEBI ARG EH SR - BHEBRERAR
sT1EHIES - $81L Stop&Go 4t - Rk Z o &R - BEARERA VI RES - SHiE

HESIE AR - IWEBARARER T ACC HRaTI& 7 MBI T - HEERRAER
rEHlgRaRshAR - LR IR BEARAVNIRE LTG0 - MiE R K S 2 4Em
MRE T 2EBHPIERE A (Throttle Angle)EARIE B2 1) (Braking Pressure??) & -

B Z At EN N BRI  EREERAEN - MEZEEFR - HERESS
ol R By R AUFR7R -

X(t)=a(t)
ra(t)+a(t)=u(t)
ZEA-1)HP - x(t) BHEMUE - a(t) SRENMBMNEE ~ u@)SBIEAPT NENSE

(1-1)

W ANRL RS a2 (BIERUMNAREZE) Mo AR — SRR EE AR AREM D
ERZENMEEBNER 2 —ESEHERSUENER -
EREDWHOESS - CCRILBEZEFISFERHE - RMEREHNBEDHN - P(s)=7? C(s)
ol Pl - gUbalfE AARENED ~ SARERET Byl st CC EHlas - WHETERER - B
SEFZEMAOBALRERMOMAR IR - MERERS NARARELARNOUELRE
M0~ LUEMBIZRNNERE - EZRELERRE - BEHEIFE MNEZHERE -
ACC B RIMEERI /T EEEAR RS - —REWA O E NEE R EE B A AL EER

BEZEFHD  ELIRMBWELMRD ZTRED - NEREBA om0t
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(1-10)

. 1
V,=a —V(u—cavz—Fr) (1-11)

]

mA-11)F - FEFRERAK/C, : ZEREND - F, ORFBEADERE - a,, : BIENNE

u : EEERAN - R ERIETI O(N) -

I/p ) e X 4 ) > —\‘
- (‘ - () ? - (O
-y
dR
a Y

Figure 6-9. Definition of range and range rate

Switching line for starting headway
Velocity control

Control //

Desired spacing RH
(for a given velocity, Vp)

Region 1

Close Region 3

’/6(a/s/r{/////////o

Figure 6-10. Range vs. range-rate diagram

> dR / dt

— AP ACC A EEMNRETERAESELRRE L - Wt ACC MRt L - mE

TS - TBRERMM S EZEHIR O (PIER decoupled) - =AM PID #ZHARIZRERE
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ACC f=fllgs - RIS RERNRRAO T ¢

By g =K, -a, +K, (v, =)k, (r=ry ) (1-12)
(Q: EIZFASEARMA?EH L WEIEIS?)
AU PSR Ml RARANOT ¢

B, = k(1) 4K, (r(t)-1, (1)) (1-13)

(check def. range and range rate, again, what is the feedback signal?)

HRIERRISNAERBEGRE —EERNRTSH  TERER EREERN
et iE g Aheadway B2 (BIEE - Btime headway and distance headwaymifE -
REREBERE(LARNNEAREEAZ) - Mtime headway &l - BConstant Time Headway
(CTH)£2Variable Time Headway (VTH)m7& -

Exercise: & FEE G AE1ER FAOCTH ~ VTH & 5TEE?

4.2.2. FEHIENE (ACC 4)

ACC4 FRFRHERUEZTBISASRAONREBZRIE -

BRI EIRAR AR Bl
EREMTER L - UREEBIREEERE  ACCERIFEARNERT - FEEEHMW
B RBRIEEMRARLEARBIRED - BJBRESERRERIBIR ZIEHREE - Y218
AT BIRAEEH B Z INBE D B IR IR RS AE B ER A R BB RS BBl D RN 48 - TIRIRE
#8 SIMULINK o StateFlow BIR{EE A S RARB L ERIBIRIA GG - B R ARE

& 73 Bl 2 AR BE (acc_state) BB IR IR I (acc_ mode) i A2k IR E - YIEFA/N -
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1 1
ACC . Acc_state 1, Acc_state_transfer_condition

| 1 Crui trol E 1.[off cc_acc==0] 2.[off cc_acc==1]
! D > 1 ntr

: fr y e B ie—co ° . 3.[off _cc_acc==1] 4.[off cc_acc==2]
E — © 3 4 E 5.loff cc_acc==0] 6.[off cc_acc==2]

v

1 P 5 1

: h »| acc _mode :

| 6 = !

1 1

D o e e e e e e e e e e e e e e e e e e e e e e e e e e e e 1

| Acc_mode

M3 brake
A

9 10

A

M35 acc car follow

M4 large accel

Acc_mode_transfer_condition

1. [off cc_acc==2] 2. [front car==1] 3. [front_car==0 |d_radar>=sd] 4. [d_radar<=sd]
5. [host_velocity>vf && d_radar<=60] 6.[ front_car==1 && s5>=0 |

7. [front_car==1 & & s3<0] 8. [front_car==1 && d_radar<=sd && s3<=-64 ]

9. front_car==1 && $s3<=-0.5 & & $3>-64] 10. [front_car==1 && $5>=0.6 |

11. [front_car==1 && s5>=100] 12. [front_car==1 & & s5<=1] 13. [d_radar>50]/h=2

14. [off_cc_acc==0] 15. [front_car==1 & & d_radar<=sd & & s3<0]

15. [front_car==1 & & d_radar<=sd & & s3<0] 16. [front_car==0]

17. [host_velocity>vee && host_velocity<vf]

3-2 BIE AR R R T LIRS

£ acc_state @ - 3 AL off ~ cruise_control B2 acc._mode =#&E#REE - M acc_mode &
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RIARBEEZET - H AL Off - M1_cc » M2_emergency_brake - M3_brake * M4_large_accel
B3 M5_acc_car_follow /N AE - FTEMEHERAFREBEBREANE—EERBNINA - &
FARZEE 3-1 1

Fode 3-1 5 AR B RN G R

FELTR AR ES::
off ACC s SuFF B B BF
acc_state
cruise_control DimE R A RATRZERE
acc_mode Eads i i RaE Ak S
Off ACC # 5, B B B P
B f@n nﬁéiﬁ APFEEYL S 2R 2 AL
MZ_cc PE o B R AR R A AR R A
BAPHIER ST AW B RATERD ARG
M2_emergency_brake |} fp] 2 FRRRZ AP F LGS s mﬁf E H
SE Y
acc_mode SRR EER S TN P
M3_brake FARIRPE > kg A P gR AR B L o &
G ER
W B gRRA A e AR A pF . L R
M4_large_accel BB Ap IR T LR A TR RN o P
ACC ﬁ‘f‘fug ARSI SR ] Fmiﬁ Lo e ﬁtﬁ'vsi}i i g

3 m‘"’%;ﬂ' A B2k g e b PR o

$% B geied ) L EWPF 0 4P ACC b
M5_acc_car_follow |5 @] i P ki w2 4cig chfie o

MEE 3-1 Pk FBREN TR BEEBRKRBEIRIRE TR ARREZIER - F8E
BNESERMERUM A FAREHABIRE - ZEFEHE 3-1 PRFRERNRE 3-2
PR7R

L 32 ER PR LK R
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R A i it R 1

ACC x SLB B 40x8 > d & —‘ﬁﬁ%l)x o R AR fEEH

Off cc_acc |]1.off cc acc==0 5 /i sehf B°
2.0ff cc acc==1 % Tk & T_

3.0ff cc_acc==2 % Ex#sif it 2k ks

d_radar |3 B ApytpEdpiE > SR PIBEF N2 E

B B2 % EEH(IY K B K 97K L time head way B 4c ¥ 5 2
sd BEHEE > ARAEE)

d_dot BB ApEE R E 0 RS 2 AR SR b oA 7

B U R EE 5 2 P HIERT L B2 L Rfo b - K
S 2} o TR G 4 i 8 iR L 2 Uf #¢ O die(sliding functlon)

host_velocity |# §m2 F %Fi# & &

vee BERANKIZDEERE

B REB IR o BB
Front_car |3 i pF » #ot %s—a%afﬁ R R B R T
1.front car==0 % T_% & & i
2. front car==1 & %_5 # & ;) i

o
e

[
0%

o
i

\_‘.‘
=
EN
EL)
F_k
E-)
bt
e

S b 71k sliding function »t % EITFE R 476 * 2 B R i it &

AR B B M E ER UM 2RI IR R A RN BIR R T RINER R G TR ERRE -
E MM ERARE 3-1 PEE 7 REAHE 28 -

NG ER TR

Bl— EBAZEEREEZESIBININGE - WWERMIOEBEREEAFNSD
EAREE - FED RI¥E 3-1 4~ acc_state B2 acc. mode PRIZEAREE 7 1 A BB BRIE 14
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[acc state]
® Off ki
1. JEH 5k i g 4% 7] off S fE 2 s iF 2
> FHEdEEE RS off cc_ace=

¥ ik g5 0% £ ¥ & & _cruise_control ;& fE #& % = 3 off & &

Off ffi » X % FF RE A

2. MBoff HAETIH B B FBiEE > d @ * K
> F R 2B 4 off cc_acc==1 ¥ j&_off ;& i i % =
> R iE 2B 4 off cc_acc== JE_off &

® cruise_control j i

1. KA sk fi 3 T cruise control & f 2. 8 0% ©5

> FEEHEIEE RS off cc_ace==

¥ e off & ik # % = T cruise control 2% 0 2 % _acc mode jk i i % S I

cruise_control ;¢ ik °

2. P cruise control jx & | H K Ak 2 R E 2

>k

JEV

> oy E R L off cc_acc==2 ¥ j¥_cruise control ;}k it ## % = I acc mode ;& &

® acc mode } 5
1. &3 ki 3¢ F) acc mode ;& ik 2 8 1E 2

> FEHEER R & off cc_acc==

7

2 §_j¥_acc mode & f #& % = T

¥ cruise_control ;% &

& #E % = 3| acc mode ;¢ A

& off cc_acc==0 ¥ j¥_cruise control ;% i #& % = 7| off ;% i

¥ _fe off & A & % = 3] acc mode ;¢ & 0 2% F_j&_cruise_control ;¥ ik ##% % = ¥| acc mode s

o=
o

2. #F accmode kAT H W K2 FHIEE
> EREIEET

b

> EH LR L off cc acc=1 ¥ j%_acc mode ;¥

& off cc_acc==0 ¥ j¥_acc mode ;% fi §& % =

At 48 % = 3| cruise control ;K i
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[acc mode]

1.

Off &
R ok g4 3] off kL2 s iE 2
> F e EE 4 off cc_acc==0 & off cc_acc==1 ¥ » ¥ j&iT - acc_mode ;K & #-

g off

B Off b AL FIH 6 R 2 M H G 2

>  F e iE 23 & off cc_acc==2 and d_radar>sd or off cc_acc==2 and front_car==0
¥ off ik i i % = 1) MR i

> §EEiEiEE 2 & off cc_acc==2 and front car==1 and d_radar<=sd - ¥ j¥_off ;% f&
g = 1] M3k s

> F iR & front car==1 and d_radar<60 and host_velocity>vf and s5>=0 >

JE_off 7k fis i 52 = T M5 ik i

M1 i &

FEA 8k R 4 3] M s 2 B8 iE

» oy e E 2 & off cc_acc==2 and d_radar>sd or off cc _acc==2 and
front_car==0 » ¥ j&_ix o}k G & % = ) M1k &

> F #E4EE 2 2 & host_velocity>veets b o ¥ _MS S Rk 3 % = off S i

B M1 R H 8k a2 R iE i

>  F e iE i3 4 off cc_acc==2 and front_car==1 and d_radar<=sd and s<0 » ¥ j&_
M1 6 5 2 5 M3 % fi

> F i iE i 3 4 front_car==1 and s5>=0 > ¥ jE_MI ;¥ 15 # % = 5] M5 F 1

> #3554 off cc_acc==0 or off cc_acc==1 > ¥ j&_MI j} fi # % & ] off ;&

“Er

l;

M2 f&
§H s R T M2 R 2 B IE
> B HEREIEEE L front car==1 and s<=-64 > ¥ j&_M3 j} ik % 2 5] M2 K i
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> oy B E 2 4 front_car==1 and s<=-64 > ¥ J&_M5 i % = ] M2 K &

[e=

BB M2 R P H @R 2 B
> § R E 2R 4 dradar>50 0 F M2 Kk R S T off ki
> oy e E & off cc_ace==0 or off cc _acc==1 > ¥ j&_M2 jk i #& % = I off ;&

G

I

M3 H &

FEH @ R B M3 R 2 B E

>  F e iEiE 3 & off cc_acc==2 and front_car==1 and d_radar<=sd and s<0 » ¥ j&_
of f ik ik 4 % = | M3 )k i

> §EHEEE 2 & off cc acc==2 and front car==1 and d_radar<=sd and s<0 > ¥ j&_
MI s s & 5% = 3] M3 ik fg

> §#EiEiEiE 2 & front car=—=1 and s<0 £ &_front car==1 and s<=0 and s>-12 > ¥
FEMS Sk fis i 52 = 1) M3 bk i

BB M3 R A FIH B k2 B

> p B E 24 front car==1 and s>0 > 7 jE_M3 ;K B % 3 M5 R R

> FHHER %4 front car==1 and s<=-64 > ¥ j&_M3 t i % & 5] M2 R &

> p B E 2 & off cc_acc==0 or off cc_acc==1 > ¥ j¥_M3 j}k i #& % = I off ;&

&

P M4 kL2 B EE

e
=
o8
(i?r‘r
E

> FEHEE B8 4 front car==1 and s >=100 > ¥ jE_MS5 H fE g = 5] M4 Rk i

G M4 A AL P H s Az R
Ay Ay 7

B

> #3525 & host velocity>vee 0 TS M4 ik fi i %A 5] M1 K

> oy e E R & front_car==1 and s<=1 > ¥ J&_M4 ;& it & % = ] M5 K i
>

% 4L 0E 2 33 & off cc_acc==0 or off cc acc==1 > ¥ j&_M4 }k i $& 5 = 3| off ;&

M5 # 1
ARG R REERED MS Rz g



> F R EE S 4 front car==1 and s>=0 > ¥ j¥_off ;& i #& % = ] M5} i
> oy e E R & front car==1 and s>=0 > ¥ J&_MI ;& it & % = ] M5 K i
> F R EE S 4 front car==1 and s>0 ¥ E_M3 L P M5 R

2. HER MS R TIH @R g2 FRiE
> p B E 2 & off cc_acc==0 or off cc_acc==1 - ¥ jE&_M5 ]k

[e=2

i % % = T off R

[

>

E-0 3

305 2 13 & front _car==1 and s<=0 and s>-64 > ¥ j£_M5 ;k i #& % = F| M3 j}k

=

> oy R & front car==1 and s<=-64 > ¥ J&K_MS5 ;i i % = F] M2 K iy

Exercise: Finite state machine and stateflow (fewer states and rules)

4.2.3. B EE R EnEHIZ8 (ACC 5)
EMRETHIRNRE £ AN SEMEEREARE ZIEURIEES  BRNE

& (SO-15622) HA(SAE-J2399)E N - IR ERIREE - NFEAE 3-3 Fim -
24 3-3ACC & AR RF

wp ISO-15622 SAE-J2399
ACC B * 4rig B (m/s?) 2 Not specified
ACCT3og# RQ2fjM 2T <3 Not specified
35)(m/s?)
B R KA Lt 2 Ti5)(m/sd) <25 Not specified
At BRI B RIP 2 §H(m) MAX]|2, Not specified
0.25V_low]
R RSP B deid 28] iR B (m/s) 5 8.9+/-10% (20mph+/-10%)
B w7 & 5 1 A (m/s) >7and >V _low 11.24/-10%(25mph-+/-
10%)
ViER T FIEG) 2.2 Not specified
BV EBFRFIEG) 1.5 1.5
B ARG R EG) 1 1
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ACC Rt mZERI A2 KA PID 3k Pl 2R1EHE MNEE M HPI M B M ZIKE - 7R

PID/Pl RIS IR EZEHIT K £ - BEMEUBMEIRER Z#5F - MEBIEZEHIZE
REB o ME - H—=2pHhBER - RENSEASERE - E_ER17788 © &
R RIES - B IERlRZRBE - 18 3-2 BE 3-3 Fivk :
—_—_————— 1
IF - - - - I x a I [ E 1 I
Xe=0 * v+, - U host | Throttle control ! |
| ’K ) i < ag |
: - Gain pOoT Jl-\‘ | : r
| (driver setting | £ + I v I I | Brake control N
I initial value) I Vgrm,u | m host 1 I I ________________ I
—_—— = = 1 Gain l - I I I
| , K [ | (Vehicle mode) I
|+ 1| b e e - — 4
X | I
N host 1 1 L |
CenntI
I |
I |
(Kinematics) I
I _____________ L ______ I_____________':
I i Aerodynamic i
I X pre "1 resistance i
| 4 pre
| S
I ) | : rolling resistance :
—) - ; - L 1
:Cl pre s s |
: |
| (ead vehicle measure by radar) : HiIJTA B2 A2 B (2 BE)

B 3-3 a2 7E E F)
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|
| o —
a | |
I va=v I . PID host o ) jp. Throttle control | I
| (driver setting I ol I | Brake control | I
I ¥ I
I initial value) I error ) I host 1L | [
I_ — — Gain — | |
| Ky (Vehicle mode) |
| N a4
| I
| (Kinematics) I v o
FIT 5 S - P S S AR AZ B (B 2R) —_———— — — 4 | Aerodynami |
" cresistance i
i rolling resistance |
L. .
Bl 3-4 TaE )i AR T#Egl

# AN K FH

CRCTI B O AR & a2 et 1 RS

& EB AT AT o

34 34 flcd A

& H * sliding control law 18 & 2 ;8 Rk gR L B2 1

Name | Explanation Name | Explanation
X Relative distance w. r. t. lead vehicle y Relative speed w. r. t. lead
® | measured by a radar ¢ vehicle measured by a radar
a Relative acceleration, not measurable Vv Host vehicle speed
e
a Host vehicle acceleration (d = \7) a Host vehicle jerk
X Desired inter-vehicle distance vV Preceding speed (measured by
pre pre radar)
a Lead vehicle acceleration, may or may M Vehicle mass
P'® | not be available, depending on
estimation
C Aerodynamic drag coefficient = Total sun of rolling resistance
a ' and friction
u Net out torque expected from engine or o) timeheadway
brake torque
Io Minimum collision distance

B4R Sl

AP FHEESE ~ 4P ¥R

BEApE e R o k-
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BB 2 FEHE S R A BT 0 RIS B 2 AP L B o
Xe = Xpre —X (3-1)
Ve = Vpre -V (3-2)
a, = apre —a (3-3)
& Host vehicle T2 ¥4 8 @i R > W% - @d T ER L7
1 2
a=—/(u-c,Vv' —F 3-4
(u-c, J (3-4)
#(3-4)F B~ (33)¢ 0 T @I R R E
. 1
V,=a, = _M(u —cV' —F)+a,, (3-5)
:V aiil}l:}£1§ 1—,"1 K‘&F'IE' s H"T‘llﬁi—!-ﬁiﬁﬁﬂfiy £1§ E"_L"_:f ﬁ}; a’_:}é? Kﬁ;["]g ’ ‘;{11(3_
6);?\‘ j\ Z:t\ T ©
Xy =0oV+ly, > >0 1,>0 (3-6)
FECRORTNE Y =
X, =V, =oV=o0a =—4u c,V'-F) (3-7)
ATl Bk B B EEMEIE A > % sliding mode k & 7 0 & 1) (3-8) 5%
s=Kk, (v, —Vvy) +K, (X, —X;) (3-8)

BF R REA . LRI R

X, =X
Vv, =V
a =a

BgRR R S R R RTR L
V, =V

B3R g g B(3-19) R B i
a; =V,

’

FR A R AR LT AT o
R R E

* Host vehicle BE3 ~ i & &7 4eif RiE 2+ %

#=12(3-19)5% K & 1

(3-16)
(3-17)
(3-18)

o

(3-19)

(3-20)
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4.3 EFEHEREHEI(LKA)

LN ABHZRMBAR B ZAIMRESRF B 2R MmN

BEASAANIIEEEENS  BEMETRABRES - ERERBECERRAMR
BifTErERE  AIEWEFEREE NEERMELBENTS  EEEKZAREEINTAE
EEH - HHEREFEW LR OREERN - £EWMEIRIBEEANBERSOHOEE

EHMG BEAS RGNS RREQEINELE TRt S E o E s O FAAERE -

2RO ERBEFRABRIERBETHE  OEBRARBSROEERETEREENED -
RERETBRNABEERD - ARKAZNA  EHENBED  EREREESES

% BRI ABEGD - BREEESRARIINEE -

Lane Keeping Control Architecture Electric Power

Steering System

| | | |
| | | | l I
| | | | | |
| | | | | |
| | | : | |
} I : MPC ;| Steering :
| I | Controller I || wheel motor | |
} Simulation Alsorithn | | LKA : : |
|| 3D Camera & : I St?t‘e | | |
| I : decision | : :
} | | TLC strategy : | I
| | o
| | | Algorithm | | :
\ [ I 1 |
e T [ S 1
Environment Vehicle

RETFEERR LKA 247 7 2ZE2RFT 228 B2 /T ASRES B HIZRES - IR RSB INEE M -
LKA ZmSEE@WMAITAE DO ZME [HERE. Q017). FEH#/FHLIFT#IZ #7747 Available:

https://www.artc.org.tw/chinese/03_service/03_02detail.aspx?pid=3165] * BARGREED R=(EF X% -
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DRlmEBEEEAEEA (Lane detection system) ~ BHEAFIEHIEAE (Lane keeping
control) UK BB EhBh 88 @512 48 (Electric power steering) » SEEEZAAREZREWE 5 -
THREEARG ETERARYO T

(1) EEEHEAE (Lane Detection System)

REBEHF AR ZEEEN  2—EERRENZRM - NHEEWMEEF/RAIR
RBIEEE G KB GEENSEWMA S MAIEEER  NESRNER - THES
FENERESEPHIUENSR -

B MATLAB z Automated Driving Toolbox 12 ft 7 #H#&ECRI2s =8 - 2R N E
W EZEEASNER  WEBTBEMARTE RS AN ECERHENEBZEE -

(2) BE#EFRHITHIEAR (Lane Keeping Control Architecture)

BBEHRRARIERIZRB O D ARRETEIEFIETT - TARBREEBHITRAANTA
BURH 7 I5H - IEHI RIS R EE @ BB ERESIa <
(3) EEEHBNEEIEHIEA (Electric Power Steering System)

SHWHPBORARNEBEFIERRBIIERNERZSIMS - A EEZESIZEM
ZEBEMS - STREREBE ENEIE - KIEFI7FAN T 2 B HBE @S] (ST, Steer
by Torque) EiEE#EEEZEH (SbA, Steer by Angle) - E1RHAEERA T A - FEEHI RS EH
L mBERmS - AESHEEOEGEAFERERGS - WASRBABEEEG S
Tz - SThl LKA 2 EEBEREE 2T ABIE -

SBW & HUE 7 B h mB R E i 2 EiEERE - (18 6 - SEDBMIE R -

ERAER SO BRVEENF - AAESH DN SR ELEFZEFIET (ECU,
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Electric Control Unit) - i3 ECU Bittian < ZHIp R ; FRtA ECU B BOm<

R MBEAESGE - EERENENESEOHE) -

&l 6: Steer-By-Wire 2248 7<= [E] [Oh, S.-W., Chae, H.-C., Yun, S.-C. and Han, C.-S. (2004). The Design of a Controller for the
Steer-by-Wire System. JSME International Journal Series C Mechanical Systems, Machine Elements and Manufacturing, vol. 47, no. 3, pp. 896-

907. DOLIL: 10.1299/jsmec.47.896]

LKARZNT ABBF OB TEEED ZHEY FERANEODD S AEAHMERE-

]

<
n b /N

AIEFAGRZRIZAATIE - BILRBTOBENEQOBRETEREER , RZEERA
NWEOmTAEOHPFEREEE E2x2ik ERR SRR IEM 2 mEET -

NRBEELTERE  BREBEZZEOHE -
4.3 1. BEHEFRFZNT AR

LKA 22 T AR S - FIETEMREEZNRFUARZREESENA - NTARBEEL
B 7 #ITEIE - RE LKA A E R LIERE ZRE  TARBIRERNIBIBNTAZ
FitRs - MEEREERE (TLC, Time to Lane Crossing) & LKA 2R EZHEWEZ

AT AR ZIER - TLC ERAEWMNREINE - BHEEE -2 ZERKNEZT
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ZHRFERE  (FRERERANT AZEH - TLC 1F5R LKA 2N AR 2RI - HAERY

2 LKA 2222 MRRER  BERERENSUEERZBR  2FKFTEFTR

AT AREEEZ TLC HEE - BEEREREAFRHRRZME -

B 7: EWAEHRER ZUEREZE

R TLC 1E% LKA 22 AR IRG - DINRIAESH TLC BEEZEAK I NTAK
B2 - BARY TLC MR IVEE A2 EURM(1L] - XBIREW TLIC WEBEEER 518
HEWMERCEEREEER (DLC Distance to Lane Crossing) - Wi EEREERE O
SHRHEEEZ TLC - BEWMBEHNEBZUENE 7 PR - BP y, BENGHIRELES
BEFOARER - v, SARBIAESFEERNVACERR  ZTEEHBEKER -

HEtgw 19 - RBEFBEEMER  TIC BEEZNAEE - DT RIFERHAMRER
TLC ZEt&ERE -

a
Yu = yl—lfsin(p—icosq)
= 19
a
Vi = yr+lfsin<p—§c05(p
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L: &%

yi: BiRE D 2 R e
yo: BIRE I i8R e
lp: BIRE s 3D phiE

a: 2 iR

e ifﬁ B lE NN =S 3 4 (CCW)

(—) TLC 3%

[l 8: E&riEESZ DLC

75



B 9: EmhEEr DLC

MEBR TLICESEANR 1Fr - EREEHERZ DLCNE 8 & 9 Fik » TLC
BER (1) 2 (2) B DLIC RUBEEZ—MEETE - ZRlER (1) Z DLC BREEERE v, -
(2) Z DLC BEWMZEMBEER x - B BNEHAR - BEE 3) REERARULR

FRCMEENEEZ _EFTE - &S

i[ﬂ]‘

2k 4) B (2 MAERSNHEZ TIC 58 ; ER
HemEREy TLCOERA (1) 3) 518 HIEMERE - MEMER Y TLCEEX (2) - (4)

RIZERE 7 BISHRFIE R, HEBEWRITEH 7 HZRFE

76



Z= 1. TLC JHEDE

{RN 1 PEE

F R

GEESRITTNE!

—1,SinQ + /v 2sin2¢ + 2y,yy
Vi

2 -1 N/ | B
l,(kve* + 1)(cos (cosgo Lo 1D ) ®)
5f'l7x

i 2B ARE
MBS TS

. 2
—vySin(e + &) + \/vxzsm (¢ +6;) + 2v,2 (R 1 a— Ri> Vi eI HE S S
) r

1 HHEIRE
- R_r> pa s

_4
2

B L LKA 2N AKBEELL ISO 11270 ERZ 2 MBE ELRFTERE - ME 10 -

LKA 2R - ZAEATRFEN - RBGREREILR - ZRRETEENARE  S5£E

L
op
=
>
S
™
an
uh{\\

C BB RATEEAISIE - BIEANT AR - RNATAEIE - 24%REK

SEEE  TRZZREFTEREBENTAED - REFEFHERET -

77



(kA svstern )

LKA system
off

on

/

" off

o

LKA
stand-by

LKA system
on

activate

) deactivate (

LKA
active

~

)

10: 1SO E# LKA %#EERA

LKA SRR ZARENE 11 a BERANTAZRE  a = 0BEZFZANTA a =15

RO ETEREE - YER 0 TLCPFIEER 2, EXRMEBEARBEEN L Y%A

% EAB 11 PE—EEFGR - A TL.CEZEEBERFIEE - AIIRIEAEE

BIRILPEER - ERMRIZFETOA

HEAFE _EZEFHLR - FEh TLC BEREBARMIE

B EARIBIEENT AEAERE - S RIRE T ABEDEE - AZAIURARR 2 10

R BEEEBBSHRIRITEE -
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Initialization |
(a = 0)

Calculate

TLC<2

Y

LKA system
Intervene
(x=1)

11: LKA #4877 ARESRTE

[

LKA 22T AR F T ARBEREN - BB BREAANTAZEE - AN AED
ZBEREERARMARE(E - MEILEALLAIEF o - A5 20 FA7R - TLC iy fER LD
FEBRRHERIPIEE - KR TLChm AEERR - NRBSER - UK TLCy:, RER 1 -
M TLCax BIRRHENT AZFIEE 2 ; o FREEAIAFaIERFENTAZBER TLC BRI H

PEMIBAN - KIREEE BUAR R AR T AW OB 28 fE -

1
_— ,1<TLC <2

1 ,TLC <1

B3 95 Bt S5 ) 2 BR 56
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EEfR LKA 2 ERENRERE) - BRIV ismREER - TLCEFRREIFE - &

®) £ X BREERARAEL-1 ZEA  AREERUAS - A/)NEEtE Z BT 4489
BEARHAEMBEIRS 418 TLIC B8 AETRBHLR -

REERISEGERAZMER BHEARFERERFZEBNA)MEZERE
ThRE LR TEERER  BERBEABREFERE  NEBUEBELATHREIMR
BEIRBEERESY (LD, Lane departure) - BIZPEZRMETR 60 £ 80 2E//I\FK - &
BRPTREZER - B[O AZRE -

() ERERZ TIC BEAREER

127 (a) BRAEWMREREEBAOREUEER  HPE=4R2Z LD SH (A B,
C,D) (b)) BALEEEDE B 1384 REFEBRMSHZ TICERE  HESEZEIER
HENRER 1 ZEBERRT -

E 4R LD FH4  BEEE (1) ZEESHEEREHEEEEFAOAEEBERIA
ERE - MESA (3) AR  WMEBERZFEL N - BERUXE , MESA
(2) B2 (4) ZERNZRFEENAIR-1 fOIRE T - BUILRFECIISHESEE (2) &

(4) EEREBRZEREBREM 2B ZEW -
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(a) Vehicle Path
' Lane

1.75 A (o} | |~ Vehicle path

® |DeventA,B,C,D

Lateral
displacement
(m)

-1.75

0 10 20 30 40 50 60 70
Time (Sec)

(b) Steering wheel angle

rad

0 10 20 30 40 50 60 70
Time (Sec)

[ 12: B &R Sl B A L ) g e )

LD Event A 5 LD Event B
— TLC1
— TLC2
_ _ - -TLC3
& 0, - - TLC4
1 o &
Q 9 slope -1 line
= =

0 i :
23.45 24.45 25.45 33.8 34.8 35.8
Time (Sec) Time (Sec)
LD EventC 5 LD Event D
\?‘2\& ~
N,
%\
o1 “
= \\
0
43.9 449 45.9 54.05 55.05 56.05
Time (Sec) Time (Sec)
& 13: B4R E fmi < TLCEE
O EmlERry TLCER AREER

faag TLC EEZEMBER - BEEXE 500 ARZEAE - B 14 Z (a) BAREBWMN
s zioRBEUER - HPEE4RZLDEH (A B, C D) - (b) BRSEEER

BB 15% 4 REERESHZ TIC ZEE - 25

Fk 1 ZEReR ; IR
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REARW LD B EEE (4) ERZBREZERA MRAEZHEAA LD SH#B-
D HESX 1) 2) 3) ZEREERBRZEREL . Q) NRFBRRTZERAS
mEtHAEERARR LD SHZ TLC ZRAIRETM - ZRI =W ERANSAR
AESEABERIN - BMERERHE § - REEFEREEX (2) 15 LKA 2@ ARESR
TLC ZEWIE -

(a) Vehicle Path

- T T T T T T Lane
_ & 175 A C —— Vehicle path
s E _ ] ® LD eventA,B,C,D
8 0 E of |
Ba —’\——/\\/-/\
- O 4

"

5 175 /

0 10 20 30 40 50 60 70
Time (Sec)

(b) Steering wheel angle

rad

1 1 1 1 1
0 10 20 30 40 50 60 70
Time (Sec)

14: S AP s AL B (AR e A
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LD Event A LD Event B
*wo NN\ N — TLC1
A\ N — TLC2
— — PO - - TLC3
C) "N L T N - - TLC4
Q Ll = N <« 1 R :‘\\ --- slope -1 line
= g = ~
g NN
~ ~
~ \ \ ~ \
0 0
23.85 24.85 25.85 35.55 36.55 37.55
Time (Sec) Time (Sec)
LD Event C LD EventD
\;\\x\
N x 5E¥x
— s \\4\
n s \K&s
‘-’1 ~ % t«&_
3 = “\\&
= - \\\
N
\ .
N
0
62.75 63.75 64.75
Time (Sec) Time (Sec)

15: i fmi 2 TLCEE

4.3.2. BB M 2 EHI RIS

LKA 2z ZH 5 REWNE 16 LKA Eflsm W HEEENEAR R R ZBENE

SEEEODEH DT - TANTARBAHBEEZEANT AR - EMTHEE

BB ZBERE -

Environment

Steering
wheel
|

Driver input
—_—

'8 N
Steering
wheel

Lane
detection
system

UX! yr ‘P: ‘P, T TLC decis.ionf
Algorithm making
——— layer
a,ag
S Y :
P,V Y, @ LKA Uope ot
Controller clive
—

motor

16: FHE HERT 2402 P22 ]
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ZEHl 73 0A
LKA Z#miEHIgsEFHE MATLAB & Model Predictive Control Toolbox PFiZfAS
Simulink 87 Lane Keeping Assist System &4 - @ 17 [MathWorks. Lane Keeping Assist

System. Available: https://ww2.mathworks.cn/help/mpc/ref/lanekeepingassistsystem.html] ZIERE R

AFERIIZEHIE(MPC, Model Predictive Control) #17:85T - SKERENEOIZEFGS 5
ERFEBERER ANBRIERE - HERFTERZNEK  tJEEHRIER - AR
MEEZHESE ~ RAER Y SEDURAORGGETRE - WRBZBWMAROD RIS : BEEHH
#(Curvature) ~ EHEgZE (Longitudinal velocity) * #&[@{R# (Lateral deviation) « 1E¥I &

M (Relativeyaw angle) - EfiemRZEHERE OHEREBE P ORZREE - HER

MASERMAODEEEP LRZRE ; BHEOANKREDR  Z2ARBERENHERD

BERESWNCERNEEERNFOTE - WE 18 -

3 Curvature
) Longitudinal welocity
Stmering angle [y

) Lateral daviation

| Relative yaw angle

17: Lane Keeping Assist System Block
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Y Left lane
™
o
1’37 » Lanecenterdine
Ve
S —— Right I
. - T~ Relative yaw angle ight lane
- ey -——" .
/ .
Lateral deviation
2 \
Previewed lane curvature
X

18: BEBAEED L ZHRE

SENEROREZEN MPC ZHIN—IREZERM - 1kiE LKA 2FRZEFIERN - &
OB REED ORERRENBSRME  HLEERFEREES RS
EREHEORELEESE RS  HABEERAXAKESZEE  RAERERETEHER

=8 (Bicycle Model) FERIZRARATERARES - 455 AR B TR AR BAETRIEL - KR

g

RNREEODAMS - MPC ZIERBARRESRE M ELEHARSBER  BAFRFTHE

7/

BRI -
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19: LKA 2#iEdlzm 2 80 E

19 % LKA ZEHIERNSENE - ABERTRARETTRANERMELSE - &
BEAABRZREH WV L FNROR  REeEORAERARZEEREZZME
BRANTF YT HEHm <L MRERER £ 0.1rad (s L) BI&EAEBOWERTIE

BAEERL 1.8rad (steering ratio=18, ke - ®R7% 10-15)

4.3.3. BiEHE 24 2TNEEE

i

BEMATAFAREERERRREER - 72N ABO#HEIEG EEmESREED -

UCETETEY LKA 2 2 INeEETTERRE - WERIRNT ABOEFINEWMENRRERE - HPikiE 1SO

11270 LKA 24l AR #0ETINBE AR - Aal 0 BERAEMEAE - LN RAEE
P2 AAE RS
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(1) ERAERER

AIRNELGE 72 ~ 79.2 (km/h) 78R —E#ARERE - WHEZ SO - ERIGEW
EE 02~06m/s BEERBER  MmEkEtlaEREEEERN L REA -
AR - IERFEREZEDADRERE 4 X - HBERT 8 X
(2) EEAFER

mam

AGHEILAGR 72 ~ 79.2 (km/h) BEfTREBROLZ L - BRE—EfE

‘53
i
i3

BEREREZED 5 ¥ 2pmEtlERERR AERBEERN Lost k= - ARG - It
BFEUASEHEAEESIT 1 R-EFEEHRFEKRLN R=v"/ a, (1 E&E-

c MIENEE) 518 - a, $8E 0.5m/s? ~1.0m/s?

B AR B I AR RE

BE#REIH RoadRunner SEg MR AIGIREE - RREBERES 3.5 2R - BREPEHIHF
M 20m/s RERETEEHRITE - MEARWE 20 /R - HEM 255 - (a) BRMERE

BEZRIBNBEE - (b) BEREXR . (o) MEESEEERS - (d)TLCE - (e) LKA 7T AR

iS!I

Ba () WEERDNEESR (9) ERZRHE -

(a) PEBAERABLE RZ2AHBEAANRR EBER Lane AMAIEERAEMNE -
ABEAR Limit {03 1ISO 11270 REFARFFHNEXRREZEMNE 04 AR - A PEH
EZANSHBBUR FRBHZ Edge REWEGEEETHUE - ME TLC /NREE

2 W (d) BF 1557 - (e) B a BER EAZ 1 URAKEANT AR - ETHE
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B - B (b) IJH - 8 REFEX LKA ZEEE

~0.6m/s -

gfRBZEHD  BERS:

RIGEFIREPAY 0.2

FEREAR A Fragat 2 LKA 2Rl B P& e S 1SO 11270 REBHBEN-

R 7 BB AR IRFISEE - () AmiEEE

m/s3 -

(9) SBEB/NRK

SEKM 3 m/s?E 5
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(a) Lateral dlsplacement of road

1.75 | f\  —= r —= — |
£ 0 - i - - .
1'75 | S— 1 o e e e n e e e e e e e | e e e e e NETTT Ty e e e e e = { e e e e e e ‘
0 10 20 30 40 50 60 70
Time (Sec)
(b) Road deviation rate
0.6 T T T T T T
0
€o2f .
0 N 1 1
0 10 20 30 40 50 60 70
Time (Sec)
%107

(c) Steering angle
T L

—— Vehicle path

0 10 20 30 40 50 60 70
Time (Sec)
8 (d) TLC
G (15.5,1.91)
il \J \J \J 1l \J \J Y \\J _
|
. 0
0 10 20 30 40 50 60 70
Time (Sec)
(e) LKAstate
1 2l
“ H H [ [L]] H | H
0
0 70
Tlme (Sec)
2 (f) Lateral acceleration
E 0
_2 1 L 1 1 1 1
0 10 20 30 40 50 60 70
Time (Sec)
5 (g) Lateral jerk
Mm
2 0 —WW—MMMWWW—»P——
_5 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Time (Sec)
20: E ? Etﬁzlwﬁ;_yémﬂ
%ézEEE\ EtEIII\MFIE'.
FNETRERAE B REEITIE - B RoadRunner BESEE—EGZRAI
RIR - BEEES 3.5m MAKMEZEENSEARLMNEEASESL 1m/s?  EE 7R
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FERER 500 m - REEES 20 m/s - MEBRARNE 21 Firm - RRBENNERR
eE 20; A ERERED  AEEBELES 10 VEHERBERAEMERS - €5 10.1
WG TLICEERMEPIEE 2 - WEMBEEMER -1 NERNE - BRRKEANT AR
o - BoEE T EREER A A EENEEMNER - TLC ERKBIEN - WREERNTA -
BRI MRXEEL TLCEERFIEER - BREX LKA 2T AETEQ®EE) -

REAREEERROARZREPEFTSE ISO 11270 RBEEXK - BRALHERER

]

BISERE 5 ¥ BEWRABEREIRENEAREE - BA@NMEEESPES/NR
ISO FREBEKA 3 m/s?8 5 m/s3

(a) Lateral displacement of road

...............................................................

| Lane
- q 7: e #™] | —e— Vehicle path
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Time (Sec)
i% x10° (b) Steering angle
10 =
g 5 __’M
0 i
5 ) ) ) . ) ) L ) .
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Time (Sec)
2 (c) TLC
5 - (16.1'1.98)U | U \
1F 4
9
™
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Time (Sec)
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a \
5 i ! ; ) ) { ! i
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5 (e) Lateral acceleration
Ntll
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8 (f) Lateral jerk
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5 ERATTRSIEER

5.1 KFBEFBEREILI R AZEHIEE

[IUTRBEEZNZAMARSECEEZZELTEZWN - FABEREHE]

Human Operator F#ZEHIfEZLIARRARZE | - FebeE W0 McRuer 5 A& 551 1957 F1t
EREE PR RO DU ER R BUR B A ZE R4 (manual control) P ARIFHEERITS -
‘RN ERIANRBERARILIFZ87 - AL McRuer £ 1965 Fi5H AR BIEIERHE

BEN - W oA EEE(Crossover model) 2Rt - EFsR1E AEHI 248 2 FRKIZ SRR

#iB% (Crossover Frequency, w M= SRR Y,Y, = ‘”z - BIEAEE R
AN ZFR - SREBICTEESFZECHEERE - MARENRFERFENE
REBRERSTEREHEIGY - BRERANMEIANEL OIS E M R A EECE
BACETTAEDER -

WINEE E2KER - Johannsen R ABTENERTAABYSA=ERER BLMT
kX4 Navigation * Guidance, and Control - Navigation BEEEMR - BEREZEREITE
BUAR T RFErm a0 (B Efn) - IkEARBIRIREEEERR ZAETT - A m ¥ &Rl
ZERMPETT - Guidance BRZEEMTEBREPHRIBEINKE - SFEER
AR RARAHABHEOER%...5 - Control BARARERE  FTERMEZHFAERE
WMENHERG @ ESEFRASEWMEEESRENER T2 TIFEFEMEZESIAERZES
MR - Weir and McRuer 24 Human Driver fEE B ENRSRVIEHIETIZLE (E 1-1) - &
Guidance and Control B#k(EME & #IE—tE) LR ITRaBA A= : BLmF
7 Bl & Precognitive Behavior, Pursuit Behavior 1 Compensatory Behavior - £

Precognitive Behavior [E#k%E ERYZE 5 TREA AR FAVAR PR AV — L EMERVIZLE ; T
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Pursuit Behavior & #RRUFT 22 3 1B A TNEE RI 2 &1 ¥4 B #% AR ER AV B PRE RO TR ORI B2 7R Bl AV
F ; ™ Compensatory Behavior [E#& Bl &t ¥1 PR 2RV BS S (F [ #2418 Tracking E11F -
&8 ACC ZINEEMZ T Guidance and Control E#R - 1B ACC 2 EETINEE - TR EA
BB RATREIMENERITR - #5H ACC ARV EEH BB HITEGIELE - EZIEE
B ZINY - AR ER 2B ESIRE B REIRME 2B KEREY Precognitive
Behavior 82 Compensatory Behavior S ME T -

I CONTROLLED ELEMENT :

I DRIVER | I
: | Highway | | |
Precognitive | Gust
_______________ — —|—> P: 1h
I :- > Control | Disturbance I : Motio
| I Inputs | |
______ 1
| 1 I v
COMMAND | | — I Roadway ] | E I
| Pursuit | . I H I
I INPUT | | ! Control Surface | > ;
| g | | Disturbance | c |
I I I Yo | Inputs | L |
I Roadway I | | Front[ E | gular
| | Geometry I : - _ | I Wheel O:
| l | o Drl\;c?r o Drl\;c?r v | Steering Wheel | :;eelre |
perations perations Anele tceri
: on Function on Function VD L | P Sse:;:% _2" |
| I | of Position | of Handing | | ¥ |
Other v |
| | Vehicles | I L % | I I
| and I | |
| [ Obstacles | | I | |
| .
| | | Sensed Angular Motions ! | » I
| | I [ Roadway [V |
!_ _____ a | Sensed Path Mot | | Geometry < |
| I | |
| I | [
___________________ I |

B 1-22 % &7 5 B H[10]

BRAEOEEY U REFRARERAMERL - 5i&EAZ BRI HEBNETY
HEENETEL  BEABARRNBEMAZR - R ZEEEREIZ DETANE
B AR E LA R (Regulator) (I A TVEMIESE - @ Iguchi (1959) #HER! A
B2 BRKIR - 5/ PID I BMEIR S - BUt PID £H 7 2ERAERARE - WEAS
3EZER - Ashkena and McRuer (1962) $&:3! HARNSBHKIE - + McRuer (1967)
iR AR SBRIF - REZBRBRNAEREMEZEAM Crossover HE - G AEZ

RERBESTREZMAER - WRH FRBRESE ZKE - 15 Snider (2009) &
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! EABNSBBKE - AFIRAES PR M _KFAETZF(LQR, Linear Quadratic Regulator)
EAZEEEEN - LQR BBHSEAM RPN AR ESE —HER BRI RIE R -
HERBLRAZRBAI LQR ESEER PURAFERKE - BRI EE A0
U F o DA B RIR - DUNMRETEMRBAXE - RABRAENITEH SR P ARESr0%
o iE FNEE 1l 28 (Geometric and Kinematic Controller) - S8R 237 B 2] B L
FEB RIS - HABRBESAMIBE - HPHBH SRS Rankin et al. (1996) &
R EAESBKIR - ZERh(carrot point) Bt - DIBIS S L —ERZEE R ER
fAREWFEE S QAR REH K (B 23) - Amidiand Thorpe (1991) #E:R! AR
BRARIR - 4L3BHEZE(pure pursuit) BEEREMNESRANME 24 FIR - (g, 9,)BRE
23 PETFHNARE  BEFTEEWMEHMIETHMNENFEEBUEURBGRIORES T
BER - LENA/MER ROLMES ST S LSBTt RSB35 B RENS
MEEAERERMBEFRAER - EEENAEMTEH 2R Abe (2015) &8R! HAEF
SRR - REEIBZ|LIERNR 2 iR - RPBRBEESERAKEE LE-BUEE

RFRETERBEZ SO BRI - BREEZE A ANRERARS -
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N (keg)
oo ar
R \
culararc
Path A \ \
26.: ...'Z\
R
23: FEER TR E 24: 4BKEE
(Amer et al. (2017) $528! $HATSMAE - )  (Snider and Jarrod (2009) $EER! AR EERK
W)

20 NJHEEBE AR Abe (2015) $ERR! HRAZIS K -

1 KH-:JC_“ by Tustin

2 K% by McRuer & Krendel
3 K(Tis +1+ %3‘0_“ by Ragazzini

4 ;H e ™ by Jackson

>

BRABHENZEH ST ER —EZRARFEFBABEMZEE  RERNEBRL

/7,

MacAdam (1981) §&&z! HARSIHRIR - REZERE  ZEUBEBRIEEWE REHEE
SRR BEREL - ERAREERN M

1 (T 2
=7 | Brargee® ~y©) worat

YOREBEMASE OWNE - WHBEERH - BZA AR NIEER AR ZZEREAR
RTHEERETR LS OEBETR - HIERESFHENZBARRE—F - ZRE
ZR I AR—BREBEEEREPMASERER - Snider (2009) faFR! HAZISHR

R e PINMERFRABESIRS - DIBEAUA AR ZERBIRET - BRI ISEUR I A% BV B R iR
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RECEARELCH A BENRER (B BEIER) - KR EBRENEBAAEZR -

BR 7 LR ASh - REFER NEMERENS S BMEE - RItTMEE R
FEEM TG RAZIER AZL - W Martins et al. (2008) §#:2! HARSRKIR - &
EHDRHEBEDBNES NEMEREH - UEWMMARZEENRMRIERSEMGR - BECERE
MORRIBRE NBEHRAANESH - GREEREABRE B AXIEHSNERER
EZR(EE)EARRER NI UZERBHREBHIR - Ping et al. (2010) §&5z! HAZ
SZRAKIR - EAMEZEGEE 2R ZEFEMEARECENUERRME - EPRMERIE

Hl BB & AR AEEE PR EE SRR ENRPNERSSBLUETERMERINR -

5.2 BB R EHIEEE =L
fEEFE PR RREIEMINGE - IR AmKE pursuit 22 compensation W& AR HI %
Hl - A MBS TEMBFUNEEEREZEE R RIEE 7R

REREBREA B C=REERAERE  HopiEH A MERE B 2EBEMRRLZ

ﬂ]]

TAHRRETRE C RIRE S —EREREEEA(DDPG)FIR 2B AREE

5.2.1. BB AEE A (aka EERNENOE)

AAEAIERF Pauwelussen (2012) $ERR! RAEISIERIR o FRHLAVEARS » ZERILLG A
R AT R B4 Amer et al. (2017) $&3R! $RAZISRAIR - FHVEHIHAZEE R 7 AME
PlaniE 25 - BB R TR E—EE TR RATARZE B IE T MR 5 R S e 3
JE& - i =t 1 Hrpr, BIERFE - G REREBIE 2 e » L A RE R E AT
JIFE Z iEE - Hrf Pauwelussen (2012) $EER! IRAFIS AR o F2(t 17 DL ERifE AR A R
ARt G B L 8YRAHRC - BERERE L 3% FyRiiJT 0.7 PhERaviERE - 7548 Pauwelussen
(2012) $EER! HRAFISIEAKIE - FHIRAAEE] G /E A VIaaE F LGS AR E 1Y
G1H - DAERFTE G~ LIVITE » BB ESEI,  tokE TEANREEZERZE - =
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1 AR R — P& A& AR R 8L %%H%F'EEJ”%"%%L FAYEL I PEER (cutoff frequency) »
AR R ISR R AR A ER SR o Horhr B B SRRV (R4l T

Td'Sfd+6fd:G'(L'q]predE+Ey) ................................. = 1
o
_1 (y(Xg+L-cos W) -y (Xp)
Yprear = ¥p(t,L) — ¥ (t) = tan™" (y t If:; lltft — ) — ¥ (0
Ey =Yg -V
1 ~
feutopy = g rreererrees e s 2

I BLRE R A HYEDESEAAERE > Delice and Ertugrul (2007) $&3R! $AREIS MR
ffE?)“‘LMIEI’JEﬂmUJS’zZ}E”r St I ASUEEEN T R~ BROEPT - BEFFHERR B 2
Hz > StpaseEty = 0.1 > BURMERE Ry 1L.6Hz - &Ll b ST Z280% 3 -

S, path

)= (w, = ). f
yit)=(w, |)Lf\
/ L M
N
Y

25: FEL A A FRE[E| (Pauwelussen (2012) $HER! IRAEISIIR - )

* 3 R AR A 2HECE

S8 ES4E!
Tq 0.1
L 0.7*27.78 (m)
G 0.045
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Y

oy
Driver Model A Vehicle Model

A

Xf)‘I’tsi/t

26: FEBP MBI A 21204

ERD EEBA A 2lE 26 2 Z8fES > 47 FIFE Linear Model (LM)#I TruckSim (TS)
SRR [ A0 FEE Y W FE B 38 S48 (lane change, LO)ER{E » 5 Jeli 28 PR RS 2 S5 R4
27 ~ [E 28 - FAAY A A LM 81 TS th SRR - (H{7A ] DL R ar B Hefe H PRps 1
AT 0 RSS2SR T E 29 ~ & 30 > BB A FEREREE T LM {h2R4ERF 4y
e > {2 TS ZIEHREGIREL LM SRR - fEPIEHB R EOAYER L B B Z Wk
e o

1 Steering angle, K =-0.1 Y, K=-0.1
41(TS) °
il d1(LM) | | 5+
4_
2r YHLM)
YH(TS)
A 1 1 —---vd
0
-10 : : : : : :
0 5 10 15 20 0 5 10 15 20
Time (secs) Time (secs)
27: BBHEA A BHRFERETE(S,) 28: EELA A BHEFRFEIE(Y,)
Steering angle, K =- 0.25 8 Y. K =,' 0.25
151 8:(TS) 6l YH(LM)
1ol 81(LM) YYTS)
-—--¥ud
4l
£
2_
0
0 5 10 15 20 0 5 10 15 20
Time (secs) Time (secs)
29: EEEA A BHETIHFETE(6,) 30: BEEA A BHETIHERTE(Y,)

AR R A fEEAREY LM BR8] DU RAFRVIEHESCR » ZRIMAE TS TIEHEN
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FAEENRE > A WERNZERMIERE - 55— K TS FREE IR R i
T RIEIEA LM AR SR Y225 - 5 IHR N A ER A BRI EHEREER L
WA S RBEHERERINE A Z A A FAER S EAREHEIELE - NILLU TR
A B RERFGRME —KEE#S (Linear-Quadratic Regulator, LQR)&EAHRREEIAZEH 25 AN
TSR A GEHERS{E - S AT A B HECR -

5.2.2.BEEAEE B (RERENSE + LQR [@1F)

AR ] LQR fERCAT LR Bl ALY A 5551 - LOR FESER! A ZISHRKIE -
SRMEETI Y/ (ETRRE - DUTER I LQR FZEfilasaysa s & HARAEGTR -

LOR PEfl et
€T
= - * Feedback Uit
Controller

Feedforward
Controller
Urys

4,

—> Vehicle Model

desired steering angle Jf d Reference
Path
generator Model

{ Xta‘I’t’“

31 BB ARA B ZEHIZRE(EIERT, AWTFERERA L)

Td - Feedback
L2 Contreller

Ufp
Vehicle Model

desired steering angle 6fd
generator Reference Model

Xba\ptayvt

upp=9da

32: BB B IEHIAE(BIER - AR BLAME)

& 31~ [E 32 & LQR st HVESAGHERIZeME » MiE 28 A EATaE Hu, - BEEE ot B iE
31 ZZRrEfEREE - B 31 SR BB R e RIS E A g Mxg » Opq Fyififa =t 1%[:[%5 3
STEIME » MxqREBSERRE AQNNTHETE o 83 TR A IS 250V 55
PEflesEl 7 PL LQR §%aT » #H LQR FiWMATLRE A48 REr A ENRE 240 (Error
Dynamic) » 35 (1<% Tabatabaei et al. (2012) $EZR! FHRATIREHIR - 1Y 7/ 5B B HIAEIE
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N

A S SR = BN RE AT T

DIEFolEl 31 At Z a0l - 2RI AR PRI TE AT ) ufﬂ‘ﬁﬂfﬁxdi_%ﬁﬁﬁ@ BERR X
NBMIBESZ I 65 TR - SOENEER w0 s FIEEEARLL - & 33 - @ 34 [E
43 PRI e F16 o HYELERE - W%E?éﬁéﬁ%?ﬂﬁ%@?ﬁ%ﬁ@%@'%?3[5??71‘@@ »
PRAE 32 228t ] DURS s e 5 TR0 LA ERIIL 4528 - SR AE 32 FE#HER 6
VB RRTRRTERIRRVIE R4 -

dfa, wpy comparison .5 674, uyp comparison
5 . : :
5]r1 Jj'rl
Uy 10 Uy
) |
o | J . 2 —
Lo \ Ve L0 \ Al
I‘\J -5 I\I I
-10
-5 s s . -15 L L .
0 5 10 15 20 0 5 10 15 20
time(s) time(s)
[ 33: 8pafilues ELERCEAEESR) B 34: OpqMlluypELER(ZRIAFEAE)

{5t 5 RIS FHIRTESF LQR » SR R H T
Q — dlag([600’ 500, 8000, 1200; 100; 300]) -------------------------- Et 6

R = 200000 ---seeseersresemsmramessmaameae s = 7

HIFY LQR F—IHIEHE SR IHZERES > Q ~ R AEMHAVIHRE e BERsavacR » A Q ~ R
EEHEETE BTER - AR E AR -
LS

AETERZ baliiet 2 Efes DUE 32 Z 2RI EEEHERR! IRABISIRAIR o M {#EEs
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RAVEER - NIE 35~ 41 B K=-0.1 ZHEGER - B 42~ 48 J3 K=-0.25 2 BfELS
B
AR B AL ACE 29 - [ 30) - BEBIRIEEE T PERIC FHVBHERSCR R Bl
BAIE THORBIETE © Ry L G B I B\ BB - (LR R
F B SRR EERE - B o4 BRI TS IAIAEHE « PERK =-0.) T
LM 81 TS Wi ERVEIEIEHE AL, - 55— 5 > SrsdaBivEsR(K = -0.25) T LM 81 TS fy2HE
HHEREAAA S » TS HYBIE T SR ASIRRE AR Y B T §2(Overshoot) -

Steering input, K =-0.1

5
LM
TS
N
5/ gl
o .
I';': i
-5 . . ‘
0 5 10 15 20
time(s)
35: A B Y PARIEIS 2 BEE(S,)
. Y, K=-01 8 Yaw angle, K = -0.1
L Y e A W, (LM)
5 f 6l i @, (TS) |
4r ri
]
[ Y (LM) 4r I
g3 | Y4 (TS) =3 [
———-Yy he] ol ; \
: /
S\
17 0F———— — o]
o—————— L L -2 L L L
5 10 15 20 0 5 10 15 20
time(s) time(s)

36: P B LRSS EHE(Y) 37: U B RSTARRS S SIH(Y,)
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m/s

0

-0

Lateral velocity, K =-0.1

time(s)

38: fRAU B JYPARERTE Z BE(Vy,)

Articulation angle, K =-0.1

1
’ V(LM
N —— Viu(T5)
51 [ ———— VY
0 ] \
—\\ ,» ~—
“.\\ |
57 Y
\/
-1 :
0 5 10 15 20

n e(LM)
B (TS)
/ V‘\H - &
A
? \*\p
R | S—
\\ ‘I\
W
WA
W
W
0 5 10 15
time(s)

40: TR B HYPARERIE Z ZE(e)

20

Yaw rate, K= -0.1

10
(LM)
A r(T8)
Jo
[
Ry | N
P oF——— _‘] I [ ]
& '.w
1]
5t i
-10
0 5 10 15
time(s)

39: fRAU B Y PARERTE 2 EE ()

Articulation angular rate, K = -0.1

. ¢(LM)
I é(TS)
i

time(s)

41: 1R B Y PARERIC 2 EE(E)

Steering input, K = -0.25

20
LM
TS
10 ¢ |
\ |‘|I
? 1
s 0 ‘ .‘ 'I‘.u{&/
I
10+t I |
U
-20 ' '
0 5 10 15 20
time(s)

42: 1581 B R siH s (8 Z ZEE(S,)
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Y, K=-0.25

61 f
Y (LM) /N
51 Y (TS) JET=
e f.!'l
4+ rl.‘:'
£ 3 |I"I.:
|
2r f
f
1r !
0 j
0 5 10 15
time(s)

43: A1 B RIS 2 EE(Y)

Lateral velocity, K = -0.25

6
V,.(LM)
V,.(TS)
4 - u
| ———-Vyu
2t ‘:
R A
£ [N
0 ____________ R —
-\-.\., |
-2 \
-4 : :
0 5 10 15 20
time(s)
45 PRI B PREGERIE 2 (V)
15 Articulation angle, K =-0.25
e(LM)
10l A e(TS)
i ——-— e
|
5t II‘I‘\Il‘| |
o \II\II -‘
g ll WA
W
0 || N -
WY
l‘-?{:
5r L-P:
-10 ' '
0 5 10 15 20
time(s)

47: AL B R Eips i 2 EEE(e)

20

deg’s

deg/s

15+ i v,(18) |

10

=201
-30 1

-40

Yaw angle, K =-0.25

W, (LM)

| R

15 20
time(s)

44: AL B R EOHRS (R 2 BHE(r)

Yaw rate, K=-0.25

30

(L)
r(TS) | ]

———— T

20 r i

10 1

10 15 20
time(s)

46: AL B R EOHRE {2 BHE(r)

Articulation angular rate, K = -0.25

40

(LM)
) TS) | ]
R —

|

30

20t
10 M

= ——

-20 1

-30 : :
10 15 20
time(s)

48: 1A B RS bR ie 2 BE(E)

DL ESidpt Rz - TS F1 LM (Y RE HBRE AR Z R - SR ERERE SR
3R 725 A TS ASFE TIRZINER - REEHE B EME G - R T LM
AR RelaR! BRABISIRAR - ATl T 7 A e HRAEE IR B B R > B
R BRI o RIEAETOHES RSN T - — A& LM BV B M E i Rl

R LR -

LM BRI EE R 26, ~ Ve ~ ey AL BRiati Bap it -

TS rrEyFReR M
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BHLE R PN R E R GBS N id RO PRI R - 8, ~ ¥, ~ eFEER
AR - DU R AR R - SRR IRAFIS AR o TR TS WHIERAGTH
B> 25K BRIk - [E] 49 ~ [E] 50 BBk A B o3 HIME TS s fif-Pax BT 0 Mg (5%
SfiFy R AG e A (LB —dmie) 820 - HalE T o] 2 PR IETED N oS ORFFEL3 LA - (9B H 4R
& SIEEE NaERRELT R 15° 0 #EA T aEAEE - IR MM E I AR -
DLESNZAER TS B2 LM AyZS - (fi[A LQR ARG THEMRIE LM 1A - [NIEAEI R M
BB EG T - EERRMERE A T EEIIEE -

Axte 1 Axle 1
8 Axle 2| 1 15 | Axle 2| |
Axle 3 : Axle 3
6 4 |
10
4
2 5
g o — - g o
.2 5
-4
-10
-6
8 -15
-10 L L 20 L L
0 5 10 15 20 0 5 10 15 20
time (s) time (s)
49: 1A B imhaig o ENE 50: 1540 B #mfaig e EeE
(K=-0.1) (K =-0.25)

&E LRTAc - Bk ATAY B BN B AAL A D T PARERAS T HYBE DU e it s
ENAVRRENE - BRI T BB ATEBIHTRGE » A S id s (8 MR A i54Y B
TR L B AGET  7E Sl A B R 3R 52 PR SR AHRES T B %R LQR 24
s P HVREEE BGET ] PUMSHIR A e fmZ RS - DUt S — BB AR C - iR R A
32 tP{E Ry[BI#2ZE5HY LQR LL DDPG HUfX

5.2.3. B AEE C (BERENE + DDPG [ER)

SENREBAGE B Z[RINEILAVEEESHA - B AR C (4 DDPG EFEIEHUY
LQR HYRRE[EI A% 5 - s s FUARE RIS AL RE (F Rl e - NI Ry Rap MBI 2
s 0 R ARIREE(E LQR ZIRFR)E SRR (LIS 5 R AT e ) - sl SRR i
TR PR R E RN T (A N BV EE 2 8 - 1R 1S EA AR A s [ A2
as o E(E AR LU TS 1E Ralll SRR - A ERIACR Rt A 5 AT R S EGR R
NS I ERERAG - LR IR T AR (B P 2 s A 2 BEARA R IR A - PRI o] DACGE
AL fR7EH R -

R R C RIS ELER B AHEI(E 32) - fErfE 32 dry[alFdZEmdilasa 77 DA
DDPG Hift: -

B s IR RE e HEh{E
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S AR o A BRI ZSIRAE » L8 LOQR fH[F] » BIEIRRRERARRE 2R
RERIHVERZE - BHHENERIRER{ERYRTEREE A - JRH DDPG Ay EN(E/ M H 210 - 3%
FIFLOE—SE R R E R A B A TS T 40iE 51 For - EiilE — Rl - ZREE
KA W EEDIRE 55— Ryt e A e A AR B & (Algebraic loop) » 55— Ry (K
JTIRRRHRIEPER > o HLDUBIE SRRTT Rt ET IR - 15 AV s (AR ATER I (A
R —15°~15° » BEAIRECZ PRAFIIR Ry—15°~15° » FHALH 25 (BAYJBGEEEE AR TS AT
JiIREE AR A TS

% 4: 15— DDPG B2 iRAe it HEN (F

Blzzikee Fit EAfir
ETME E, BRACOREY Y EAE-HE TR 0 Y B | m
(RAFAERTE Worr SEEIERNTE — 2B RS rad
RHTEAE 11, SRR — 2 RHE rad/s
EARTAFERE 0y SEE AR — S HhARE rad
EFERFYRE £opr SEE TR — BHMAEE | rads
IEHE Vy,,, $E R O e R ms
B Bt EAfir
EFYLH RS 81, EHUE T FAE A RE(-1~+1) X

Ug

% o ST ’b o '[} 'E'

0

51: {¥5i— DDPG i tHEh {Fra s

) T

TEFESE SRR LN B {FER » ARTE T ESSOBTRIF R SRR A AR, - JRENEE
iR! BABISIR - T r(si, @) °

HAE R By R R a R LGRS - BRI Ry i R R e (R PR Rr 4o TRy
B - SR RO Ry KR EE R E AT R A B U i AR (B Rr 4 T~ S A% > 40
I B DA B R A G T RS T T Ry SEAT HATSIRRR LA RCGERERAVARAE > AR B AR C
HYBERCE B AR S > FEIRREERZE/ NP PIMGE (B4 T-H58) - I HABIRRESR = AN S — Pt
(R4S T 2 BB B (3 B S HEIAR - $HER! IRABIS IR « Bt A=
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250m - W S HAEMX, < 150 or X, > 350) HE RIS - (EILE E AR B PR E
LB/ ~ RN B 5 R s o NG TE5E) - NPT Eied G e %
B 75 AR B EAREETENEZROREHE B AREMTATAVET - SIIAZR 5 55 FuIEHls]
BEFRER » 55— 7 H > LA B B ARSI AT AR RRES T B DL S B EE A IR AR
TSR - A1 DDPG FRull SR RBE ot - (&l —toiRRE R gl 254
Y > R B AR AR OUE B BB - SN A BUESER) - 2 HE R (2
% LQR BA L E > DIZTOERZE S @ B 52 Ua TSR = EETa P elrh 2

T'C °

T(S;, @) = Tp A T wrerrermmm s = 8

re=-5-E°-35-%, —1-1, 215 g,,2— 05> — 1.5V, 2

5 BEAREE C Hidifin

PRt B
|Ey| < 0.1 +1
1@,,..| < 0.02 +1
|rt,,.| < 0.02 +0.5
€| < 0.02 +0.5
if (X, < 150 or X, > 350): |

|6] < 0.15 and (FiVUIEKIT)
(IEy| > 3) or (1%ers| > %) or (|[Vye,..| > 7) -100
(Terminate
or (|eerr| > g) (Episode Terminated) Episode)

5 [&RAETE

DDPG Fl[$f A2 4 A B [0l & H(Episodes) » AR — (8 o] SRR Rl i R R
20 10 B AR AR EER AR —4HF 6 TRV ASERR! RABIZRRK
W e RS > Horp offset Ryt 1 ZEIFVESIREL - [N TS HYSCESGHL - FlHl S HEwLS
rE R X Y = (0,0) > &2 offset ZE(E 15— (a7 58 1] LAERERS {E eR oA [F] R RE
R SEIIE R ER R & - ISR TE A R R E e Rt wiaa (b > —Batasnt
BIGSE AN T BIRE —ENERHE S R BT & NIaZ B f A =]
REEREEES TS - BEGISMICE B SR fmrd (B 2 BB DS AR
FEREHIRAE > RTAMG IR R T EH] - — B S bR AT — = &HH)
o KIEBRIFNR S HURmRR—IH -
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R 6 FISRER 2

S8 £ 54z
A 250 (m)
Y 3~ 45
K -0.1 ~ -0.25
offset [-1, 1] (m)

bR AR A B E] & R GR (E e 2sHy RIAGE - FISUaIE s E [ amE T
52 > ERIGHEIAHE LR RIFBE LIS - JISREHT Agent /E R RIS (LA -

Episode Reward (moving average)
1500 T T T T T T T

1000

500 W" Y 1

I
-1000 [}
1500
2000 [

-2500

-3000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Episode Index

52: FIISR AL E] S A

&L EFISRTR > REFTTSHY Actor Network Z5FHELIE 32158 A 1 [HIZ R a3 15 I
EAES i \ 155 B {EEE# - 53~ 59 FyK = —0.1EZ{E NHUIRREZENE - [E 60~[E 66 F
K = —0.25F% (% NHYIRREEE - NS HEAVETES R E TR RATAEE Y ([E(EE
5.2.1) > LB B 1 C HYRES S EAEFBEATE A FHMHE A REERR: - aRMEE
AR R AR B HL B TS AR - (BAEIE A] DAS R — {82545 (benchmark) i AR EE#E
B B A1 C HAE > LA T ] o e 4R o R PRI e T Aret R 251 -
R HZER > EHRLT E ERarZEiett:

9t M B ES(E R TE R R LS - Ry 20 FOEET 0.05 FOEL—SE50k) -
M =400 - 53R AER B CEHEE IR 7% 8 Hiph E#uMCFRIRZEH/N
515 th FoT B BB -
I LB FTREN C 7E PR IS R B AT % - 15
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7~ R BRLEHN C FEE BRI T 57— BB PRI B R05E F 7% » (HAEFEI 3

& o 3 SHEATEE FRERA C B8 i 7P i [ B NEIE 2, P {E A o LB I
BN B PR -

Steering input, K =-0.1

5
4, (Model B)
d;(Model C)
A
8) [ — _____./)/ ‘ll\‘, f::-zﬁ _
o I ff
III‘:‘ n"
¥
-5 L . .
0 5 10 15 20
time(s)

53: HARY C PR IERTE 2 ZEIE(S)

8 Yaw angle, K =-0.1
S \
o *{ ¥, (Model B)
6 \ ¥, (Model C)| 1
47 / I — — —— - benchmark
[
4r |
3r jo)]
: : f
27 Y. (Model B) | | 20 \
11 Y (Model C) ] / W N
— — — — benchmark 0 p———— < \‘“ R e
./
0 o /
0 5 10 15 0 5 10 15 20
time(s) time(s)
54: TR CJ-F4Rrs (K 2 ZEE(Y) 55: 1A C 4RSS 2 BEFE(Y,)
] Lateral velocity, K = -0.1 10 Yaw rate, K= -0.1
ry(Model B}
E{‘\-I"u ) r(Model ')
05 ! \\ 1 St \;{ — — — - benchmark | ]
i\ ‘.
I\ 7] j }
R B | \ _ B = L y \I AN ]
o Fo—— |
\ {h /
\ | [——V,.(Model B) 4
051 \j  V,(Model )| 51 b
— — —— - henchmark v
-1 ' ‘ ' -10 :
0 5 10 15 20 0 5 10 15 20
time(s) time(s)

56: RS C R PaR RIS Z BEIE(Vy,,) 57: TARY C R P4 ERIE 2 B (ry)
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Articulation angle, K =-0.1

Articulation angular rate, K = -0.1

3
N e(Model B) I I é(Model B) | |
2t ;f\‘\ e(Model C) | 1 6 [ é(Model C)
{: | |— = —— benchmark 4k Il — — - — benchmark
1r w Al |
o fl\‘ '\“*.N © f
l——— NP o 21
S0 Vs g [
o ) D= N—
T : | 0 ™ | K
/ \ N
2F y 27 V ¢ / ]
3 . . . A4t . ‘ .
0 5 10 15 20 0 5 10 15 20

time(s)
58: 1A C jOPARERIE 2 EE(e)

time(s)
59: AL C O PARER IR 2 BETE(€)

Steering input, K =-0.25

10 , |r'| &;(Model B)
{p”| | |‘ &, (Model C)
5r n II
I ‘ |
o J | || |.|_.f1"\ N
o)) | AT
) AU II
o | 'u
5} |
|
[
-10 ¢
15} U
0 5 10 15
time(s)
60: A C AZIAEE TS 2 ZEE(S)
Y, K=-0.25 2 Yaw angle, K = -0.25
i ¥, (Model B)
~ 1571 ! W, (Model C)| {
fﬁ-‘—l,—, ——— = IJJ)ﬁ - hstm‘hmark
i 10 /i
i |
1| 2 sl 1l ]
| = I;T \I‘.‘
' Y (Model B) ¥ \L
i Y (Model C) | 0 — A ‘,7“'—_——‘
F — — — — benchmark Il‘j\
| 51 '
. J
: : -10 : - -
0 5 10 15 20 0 S 10 15 20
time(s) time(s)

61: AU CjREIaER I ZEE(Y)

62: AR C RIS 2 ZEE(Y,)
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Lateral velocity, K =-0.25

Yaw rate, K= -0.25

r(Model B)
r(Model C)| |
— — — — benchmark

10 15 20

time(s)

64: AU CREIHER L Z ZEE(ry)

6
—— V,(Model B)
0| Viu(Model C)
4r ‘I‘II — — — - benchmark 1
2¢ | "
w i\ =
E le;l' \ 5."-.‘ _?;'J)
o = |- JELY L —
\ |
ot \;‘\:";'
! -30
-4 : :
0 5 10 15 20
time(s)
63: fHAY C R Eiapsi Z BE(V,,,)
Articulation angle, K =-0.25
10f ‘ T ‘ 40
(Model B) [
e(Model C) [ 301
eNCNImark f \
5 f oo benchma jig"‘ 20 |
J'l‘l \ |I
I ©® 10}
§ U—\ :"‘l\ﬁ.‘:;A“——— o
. =0
l\ ;:" \
5t W 1or
-20 1
-10 : ; -30
0 5 10 15 20
time(s)
65: fHAY C A EiapsiR B (e)
#= 7 BBACZEHE (K=-0.1)
ARFEER 7 | E (Driver B) | E (Driver C)
E, 2.07 2.67
Werr 0.08 0.11
Vytor 3.82 3.53
Tt 0.19 0.22
Eory 0.45 0.37
Eorr 0.06 0.07

Articulation angular rate, K = -0.25

¢(Model B)
".‘I é(Model C) | ]
l“‘ — — — — benchmark
[\
i
i
"'I I\I| i
r— 'T.“_.‘:"_ m —:— D
\I ‘.I /1
vy
|
\/
0 5 10 15 20
time(s)

66: fHA D RS iRt (.2 BEE(E)

% 8 HEACEfH (K=-025)

IREEERZE | E (Driver B) | E (Driver C)
E, 7.75 5.75
Yeorr 0.64 0.39
Vytorr 16.54 8.35
Ttprr 1.91 1
Eerr 2.01 1.33
Eorr 0.74 0.37

BR LTI > BB C HHE BN B 15 P2 EES EI | T LA LN R
[EELIL AR I T 25— 2L RRHTIEHEEE - T35 PR C RIS iR
EHESTEE L EFE] T - LGRS T LAE R 32080 DDPG 7724 ] L Z 48 I IFECHE
FE ~ TERIFEERTZHIIRIE [ FIFE LOR B s P AR i 22 2 LA e

TFs—
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ARESIH T R SR B A DUBHERT RS (8 B — B E R o - A0
FE TS P AT A fETHPR S NN R I BRIEME SRR B ERIIZERIITTS B RE > AL
REFM B ~ C BEEIETFHREH T2 MESR A > 573 B DL LQR Ji7AsGt » MHEH
R A DGE T PRSI THYIBHENRE - M HAETOHES TS MUREHERF IR E - B8 B &
HEREHEID T - NG IEIRRRY B HEZUER SR 2 - NILEAY C LI DDPG J#
RUEEHPHAES R T IR E SN ZRAY TruckSim AL REIIGR > SEAERY C A2 V421
TRAVIBHESRE MHEUEAY B /A HIRINGE » (EETIEERIE T A LU AT C ARray®R
o
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6 ERTERZERWERFAD TR

RITEREMBEIEREZSHNER - EFSNIERE - SEFEFERHENRE T EIRE -
MoBMEEEMER - DINREREZN

PIEE FHER 52 (automotive software, ASW) T2 U5 R E - —EFTB9INEETE HERE
B ZRER  VARBAECNERETERAG - MREZEEERE RIEILHINGEE -
MeEHleR - WERRPRARZERRSHS  SXFEEREEPNRERERTHEH
£ - M BRUBEFEAKE  BEREASEAMDERNRICAEES S - MIL/SIL/PIL/HIL &

1 EmpHERERE
MEMEAERZSBHPANESEREUNEEAIEE  REXER2 - BRWELS
T~ BRETAIREEE - BRsBAIMERD - IRIZAIE - PPAP (Production part approval process)
HithE - ENHAEBENEMINGEMZERE  RAFTELU N EEERER :
IV&V (Independent Verification and Validation)
By NIST: A comprehensive review, analysis, and testing, (software and/or
hardware) performed by an objective third party to confirm (i.e., verify) that
the requirements are correctly defined, and to confirm (i.e., validate) that the
system correctly implements the required functionality and security
requirements.

- The PMBOK guide, also adopted by IEEE as a standard
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"Validation. The assurance that a product, service, or system meets the needs of the
customer and other identified stakeholders. It often involves acceptance and suitability with
external customers. Contrast with verification."

"Verification. The evaluation of whether or not a product, service, or system complies with a
regulation, requirement, specification, or imposed condition. It is often an internal process.

Contrast with validation."

+ Itis sometimes said that validation can be expressed by the query "Are you
building the right thing?" and verification by "Are you building it right?" In
practice, the usage of these terms varies.

+ 50,150 90017 cULus?

TR
IS0 (@

9001:2015 (figures from Google results)
Operation
Concept of L and
Operations Ve";'ﬁgt'on Maintenance
. Validation
Project Requirements System
Definition and Verification
Architecture and Validation

Integration,
Detailed Test, and
Design Verification

Project
Test and
Integration

Implaemeantation

b
Ll

Time

1 : V-cycle. Figure from Wikipedia, the figure speaks for iteslef (self-explanatory). Cycle

period varies among products/industries.
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The V development cycle

MIL:

Field test
Architecture Integration
= Embedded
COMPONENT HIL
SIL/PIL -
Architecture Integration
& Test

Unit Design & ’
- mplementation Unit Test J \

SW + HW

2 : MATLAB version of V-cycle
(speed encoder as an example for PIL: high resolution and high speed)

(CF: CarSim, New Eagle Raptor, ®l# ~ Dyno ~ Chroma 8610, etc)

MPPT Requirements Validation
/‘ MPPT Model Design Integration

MPPT Software ECU MPPT code
r Design building process

SIL test "') \
\/ PIL test

Computer
= <=

SN T

Plant Model

M
3
3
2
1
H
2
<
3
&
2
3
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Above two figures from: Saad Motahhir, Abdelaziz El1 Ghzizal, Souad Sebti & Aziz
Derouich | (2017)MIL and SIL and PIL tests for MPPT algorithm, Cogent Engineering,
4:1, 1378475
(1) (PDF) MIL and SIL and PIL tests for MPPT algorithm. Available from:
https://www.researchgate.net/publication/319684243 MIL_and_SIL _and PIL tests for MPPT algorithm#fullText
FileContent [accessed Feb 06 2024].

6.2 AFEIPFEERAVERESRE

MIL ~ SIL ~ PIL 1 HIL #=#(simulation)Blil & 2 5eEPEERMN—El7D - LEZEFITN
RERA 3 E BN R AETRET (Model-based design) - RS MR BB H| 282 E (e.q.,
W% oK B) SRR MR AT 2R 2 E AL (proof of concept, POC) - BE L BRERMITHIE
A - MCU BESE - IRRAFBNINGES - REA S LESERE - #HAFEIRIEND
B BESELgEREAN(—EFARKRT ZRF RIRNY) -

Model-in-the-loop (MIL)

HEAR BRI EM - AW Simulink (maybe also Simscape, Stateflow)%1&

AERRE . SEERETERST REESERREERRESE) AZEBES

!ﬁ

R E Rz (look-up table)Z - IRERBWREAEU LS (digital twin) EE T Z 51
M - REBER - (ERVTRENERER  SWRBEEENEHCERE  SthEEE

ARATAAN SRR - _RERRAGATNLEEENRE - ARESEEREMETEIEE

RE - Bcls - MIL AR S EUERERBEERR F EiETERELIN - FIERIIRS - #l5k
SHRAZEBIEBET ERREBEHEDATEENER - RIt—RERENERD T

TeieEE - BE - &REMNIENFE —EERZEHSMCU)MITIEEEMSRE AR
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https://www.researchgate.net/publication/319684243_MIL_and_SIL_and_PIL_tests_for_MPPT_algorithm#fullTextFileContent
https://www.researchgate.net/publication/319684243_MIL_and_SIL_and_PIL_tests_for_MPPT_algorithm#fullTextFileContent

- DUZHIEE - AAERSEEATENER © &£ MIL - TZ2BERALBEERED
THRcEAZREE FRVSERR - B A ZRIERIRRETEBR AN C/C++RVREIUE - DR BRI H E IR
hlER O MITEER « LUK SR an

Software-in-the-loop (SIL)

RABEERY - 5 _(EPSERE8aE —EEFIZS(MCU)SE S IEEANTRMIESE - &R
BEIEAGEZES2R(MCU)NSRAT - SEEZHZR(MCU)RE - WAL MCU fIRET
MR IEMESe Al MIL FrBgREAkThRY "HEY" - ARSI ES SIL (AR IREIEEE
BROBCRAIE 1) - EHles EITRERES (eg. C/C++ BIUME ) BRI MAEEESHETE

BEEARHE-SIL LB MIL BERR - R & o] DUgAIE BRTZ VRS ol BEE RV ER 3% - DIKFERE MCU

||‘;
T

MRIETK(BERASIAEN MCU) - IEP R o] iR i flzsd R A B G B — LR AN R
FIRIE(M MATLAB #Y Codegen TEZH)MHA - RA/EIT KiEm MEFEEBERH
T1EE - FRIEBEEAPIRRETRZERIS R ELREE BR MCU i3 HENREIS - &R
BRRETEES MCU LIDEBH RS

Processor-in-the-loop (PIL)

AR SIL - PIL EZMEEZ /KGR "8EE, BRA—E " ELERTEER

RAERETEENS BN MCU - BEE

rllll'
ml}

MCU ;- Brcis - ERIPEEFE—ERE

ERRIREBER D 58 (calibrated) 2879 MCU - B MCU EAXRBERAR - ILEB A

b

B TEaHE  AIWNEMREZHER New Eagle Raptor THE - FEE
MATLAB/SIMULINK #7T7 PIL - THPFx spin-off WRIRM AR R4 - 17BN R E

SREFFIETHIE T - FARAY - PIL 57 MCU 0 & SARIEMAVERETREEERR - EF 53—
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EE R EmMCU) - EEESIRIE(MATLAB/SIMULINK $)WE S Rt SR 2R E
M e - ERIBIREEE R EHREEMAVFIRIE T E (W L2 - PIL oléREE SIL
PREERNEIBEE S o LURNR=ZEHR MCU £/ - WiEERAERR MCU E#ITRIIERE

- EEEEREEE MCU sl ATRIER - FRIFMINBEELBRERN MCU EIRF 4R#

(i

BEMF - BRAPSANELE A M T (N EM) &S ETRE -

Hardware-in-the-loop (HIL)

FE L PILIRHILWEERMY  —FKBE HILWRZALSHERL (ES MILIRE
BERIEER KK ) processor RSt Z—1EMERS - FiLER PIL 2B HIL TS - 818
EMCUMNBLEEXE - LNERFY BRARREMEERENSRETLANERHEE )

LRS- WA EE HILBARR) - BAIRE - RFEZEEER(EPS) - £Hl2RHE
B EPS F5IE (S0 BR M A8) I 45 5 B3 [ 4% (steering column) - A 2 — BT EE R T R 4R (48
) - BREBCUEF Z 4t - EWR0EN N2 ERESH BH Mo AR ERAE - WM EF%E
B9 HIL - Bt NEh N 248 (F5 2 - BRENIZEHIES - EIMIES) - RERARSH oL ABELNRE
ETHIL BHEMZERK HILWER - 5—EZEE  MREEEAFEINEE (M ADAS)E
BLERREE A(human driven)2& A% - H MMM Human-in-the-loop, T oJfR{F HIL -

UERHOAIRVIEES 2" BB A"
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