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1. CAR MAKER

CarMaker for Simulink - Test: hkhk - 'win-5085262dfen’ online ESHRE X
File Application Simulation Parameters Sefttings Help 2IPG

Car:

Maneuver . .
0 2 _] — Simulation ————
Perf.  ¥|realtime
Status: (1.0x)
Idle
Time: 39.7

|

Distance: 416.86

DemoCar Select
Typical, unvalidated data for passenger car Q
_ with Front Wheel Drive
Trailer: - Select
Tires: Ex./RT_195 65R15 Ex. 15 Select
Ex../RT_195 65R15 EX 15 —J
Load: Okg Select

— Storage of Results
Mode: ¥/ collect only

Buffer: 33.6 MB, 1118 s

save | stop | Abort |

Road Sensors

— List of Sensors
Sensor.Road. |RDO0

O —) -

RDO1
IRD02
RDO3
RDO4
IRD05
RDO6
RDO7

=

Delete ]

Add

- RDOO -
Preview distance [m]

Preview mode

I~ Consider bumps

[ 5
¥| Along Route Centerline

— Rigid Vehicle Body
[~ Override internally computed vehicle body proportioning
*[m] yim] z[m] Masskol  beclkamd  bwikamd  lzlkondl
Vehicle Body [ 243 o 060 | 1301 | 470 | 1500 | 1600
Vehicle BodyB | 25| 00] ose [ e505 [ 1e0.0[  g000[ 9000
JointA-B [ 243 of 0.60
Calculated vehicle overall mass [kg] 1463.00 m




2.\iehicle Localization

Kinematic Model

Dynamic Model




2-1) Kinematic Model

X Vg cos(y + ) 1
Y |= Ve Sln(l_;df+ﬂ) e L3
V| | Vscos(B)tan(5)/ (1, +1,)| nas . s
where e -
_ _1 Il" tal]. (ﬂ‘) o dyEw_t dyaw dyaw
j J-' + I,- —p- deta _t delta tﬂﬂ
¥ = ¥_t + vw_t + coslbeta + waw_t) = dT:
Y= Y¥_t + v_t + sinlbeta + vaw_t] + dT; :
vaw = vaw_t + v_t + tan{delta_t)}/01r+[{) + dT; Uni Delay!
dyaw = dvaw_t: z
Unit Delay1s
W= oyt 1
II'I”"'II = II'I”"'II_t; Uni‘tl::alaﬂ?
delta = delta_t; !
Unit Delay1a




2-2] Dynamic Model

i V, cos(y) - ¥, sin(w) | T | @
1] 7, cos(y) + ¥, sinfv) 2.
— : o (9 _9 ] . wt ’
. I‘ B _| ECI!T-I.& +2CT!TT ‘ P _.C.f !.I;Jr _'C.F I;I-r I,.’ N _.C.f I;If i g w

-n - |'|I
F IV, Lv, | I,
{ I_,r " _ \ i \ -
|_ ..I'_ _‘ I;.-"' + _.{-\:rl;lf ECIIF u}-_' _'CI+ZCT 'I;.-"' +2C}‘ L} P dyae_t dyaw
X | ! ¥
N I":: i) 1 F; m } m | deta t delta —r

Dynamic Prediction Model

if w_t >=0 &8 v_t <=1
v _tt = 1;

eleseif vt <0 &8 v_t >= -1
v _tt = -1:

i

c
5
g
%

i

:
g
B

elze
wott = vt

]

c
5
g
©

end

i)

c
§
g
S

®o= Aot o+ (w_t + cosfvaw_t) — wy_t + sin{vaw_t)) + dT:

il
:

¥o=N_t + (wy_t + cosivaw_t) + v_t + sin(yaw_t)) + dT:

W= oyt

wy = wy_t o+ (—(v_t + 2«(Cf+1f - Cr+lr)/(v_tt+m))sdvaw_t — 2+(Cf + Cri/{v_tt=m)+vy_t + Z+Cf+delta_t/m) + dT;

vaw = vaw_t + dvaw_t =+ dT;

dyaw = dyaw_t + (—(2+(Cf«|{"2 + Cr+lr"2)/(lzav_tt)l+dvaw_t — 2+((Cf+I1f - Cralr)/(lzsy_tt))svy_t + 2+Cf+|f+delta_t/1z) + dT:
delta = delta_t:
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Low speed [ 20km/h )

600
— Real Road
I Carmaker Model
500 —— Kinematic Model
— Dynamic Model
400
300 g
200 r
100
O = -
-1 00 L L L L L L L L
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Kinematic Model is reasonable for low-speed vehicle motion.




High speed (80km/h)

600
—— Real Road
I Carmaker Model
500 —— Kinematic Model | |
— Dynamic Model
400
300
200 r
100
0 L
-100 : : z z - - : :
-100 -50 0 50 100 150 200 250 300 350

Dynamic Model is reasonable for high-speed vehicle motion.




Linear System

Kalman Filter

Extended Kalman Filter

Time Update (“Predict™)

(1) Project the state ahead
X, = Ax, _, +Bu,

(2) Project the error covariance ahead

i T
P, = AP, AT+ Q

Initial estimates for X _ j and P,_

Measurement Update (*“Correct™)

(1) Compute the Kalman gain
— P HT(HP . HT + R)
K, = P,HT(HP,HT +R)
(2) Update estimate with measurement g
X, = X +K (7, -Hxp)
(3) Update the emror covariance

P, = (I-KH)P,

Time Update (“Predict™)

Measurement Update (“Correct”)

(1) Project the state ahead
'i'k = f(""k— 1* llk_lu 0)

(2) Project the ermror covariance ahead
P, = APy AL+ W, 0, W]

Initial estimates for x; _, and P, _,

(1) Compute the Kalman gain
> _ p T -gT Ty~!
Ky = P H (H Py H; + ViR, V;)
(2) Update estimate with measurement 3,
% = G+ K5 - h(55.0)
(3) Update the emror covariance




-1) Kinematic Model with EKF

: x —-xn_zxr_x Kin_EXF_X ~|I(r|_E|(F_x |
) E3

Foms
K EKF Y | Kin_EXF_Y K EKF Y
) oo Frm3 To Wokspaceid
. 4
- 7 f 5] ’
Terminatori2

o e

it v =
¥ Terminaiorid @—.
Pt :

Terminatori4

[

e
;
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i
[
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L
Tg

aran [

Goto
omta_t o s e
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From
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B
FRmio
(== >—f= | =

FRMiE &n i =
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3-11 Kinematic Model with EKF

Measurement Update (“Correct”) W = zerosl7,10;
Time Update (“Predict™) T o e ——

(1) Project the state ahead - p T - T -1 MO = ws

= f& . 0) K, = P,H; (H P H; + ViR V) W(2) = y:

" e W (2) Update estimate with measurement 3, K3 = v

(2) Project the emor covariance ahead %= .i';'*'Kk(:k-h(.‘\';.O)) #04) = vy
= 7 7 #0B) = vaw;
Pk = Akpk_lAZ-.*' kak—IW{ (3) Update the error covariance W(E) = dyan:
P, = (I-KH;)P; K(T) = beta;

F = 1[0, 0, cos(yaw+beta), 0, —wesin(yvaw+beta), O, -wssin(vaw+betal: ...

sin{vaw+beta), 0, wv+cos{vaw+beta), 0, wscos{vaw+betal: ...
o, 0,000 0 ...

o, 0,000 0 ...

tAlr+zinfbetay, 0, O, O, v/lr+costhetal; ...

o, 0,000 0 ...

0, 0000 00;

Initial estimates for ¥, _, and Py,

oo o0o0 oo —
2ERPRERRER=

X Vg cos(y + B)
Y= FGSin(W"‘JB)
V| | Vscos(B)tan(5)/(1,+1,)

Pi = eyelT7) + F+dT:

0 =diag([0, 0, 0,172, 0, (0.05+pi/180+dT)"2, (0.05«pi/ 180072, (0.1+pi/1800°21);

PisPsPi+ @
diaa([2°2, 2°2, 0.1°2, 0.1°2, 0, 0, (0.1+plA180)"2]);

DT M |}
n

evel(7);
where = HePsH' + R:
= P+’ /5
Wk o= %+ Koz - HeX)s
. [ tan (5)
- Pl = {evelT) — KxHI+P;
lo+1,
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3-2] Dynamic Model with EKF

From11

From3

g4

w

Cyram ke Prediction Mogel

74

Cyramic EKF

" OpnEF X | | Dym_EXF_X an_ﬂ(r_x
G014 From To Wakspaceid
" DnEKEY | | Dy _EXF_Y Dyn_EXF_Y
feihb From1 To Wokspace12
——{3]
Terminator
= =
= Fromd
Terminator2
o
Termpators From?
v
[ -
Terminatord Fom1d
n_z
= LI - gy
Termnatars Fromz Sctal
yaw
Froma
dyaw
Fromg
B =
Froms
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3-2] Dynamic Model with EKF

Measurement Update (“Correct”)

Time Update (“Predict™) (1) Compute the Kalman gain

Ky = PHI(HPHT + VR VD)™
(2) Update estimate with measurement 2,

% = G+ Kyl - 0(355.0))

(1) Project the state ahead
X = f(R_12 U 1, 0)
(2) Project the ermor covariance ahead
P; = Akpk—lA;- S 7 WkQ,,_IWE (3) Update the error covariance

P, = (I-KH,)P;

Initial estimates for x; _, and Py _,

' V, cos(y) - sinlw) '
B3 7, cos(y) +Vysin(y)
: I}- _ _‘ EC_?.II-_FECFIF- ‘ - _: ECI{J'_ECIIFI IF+_.CII;II
| L-" Isp;: \ I: P.;.' J ’ I:
3 _‘ - 2C,1,-2C, -.u}_;- 2C, +2C, '5V.+2C} g
! V.m L ¥m 7 om

% = zeros(7,1);

ifw>=08&&w <=1

vt = 1;

elgeif v < 0 & v = -1
vt = -1;

else
vt o= w;

end

F =100, 0, cosiyaw), -sin{vaw), -w+sin(vaw)-vy+cos(vaw), 0, 0; ...
0, 0, sin{vaw), cos(yaw), vecos(vawl-vyssin(yaw), 0, 0; ...
0,0 00 0,0 00 ...
0, 0, (=1+2+(Ci+1{f-Crlr)/(mewt 2] Jrdyaw+ 2+ (CH+Cr)/Imevt " 2)ewy, . ..
—2+(Cf+Cr) Almevt), O, —(w+2+(Cf«1f-Crelr)/(msvt)), 2+Ci/m: O, O, 0, 0, O, 1, 05 ...
0, 0, 2*(Cf*lf"2+Cr*Ir"2)/(Iz*vt"E)*dyaw+2*(Cf*If—Cr*Ir)/(Iz*vt"P)*w, —2+(Cif+ 1 f-Crelr)/{lzsvt), O, ...
—2+(Cf £ 2+Cr+ ™21/ (lz+vt), 2+Cf«1f/l2z; 0, 0, 0, 0, 0, O, 0O];

Pi = eye(7) + F+dT:

diag([0, O, 0.1°2, 0, (0.05+pi/180+dT)"2, (0.05+pi 180072, (O.1+pi/180072]);

]
0]

Pi+P+Pi' + O
diagi[2"2, 2*2, 0.1"2, 0.1~2, 0, 0, 0]);
= eyel7);

= H+«P+H' + R:

= P+H' /5;

Hko= Mo+ Kz - Hedds

R & e i iy u |

Pl = (evel7) — KeHi+P:
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Low speed [ 20km/h )

s

|

6'.\ ~

fl
/

s
i
|'

| A\

1\
i
J

|
I
|
V

A

SN AL
A \

Carmaker Model Error
— Kinematic Model Error with EKF
—— Dynamic Mode! Error with EKF | -

"hll AN
\

/ {f/\., ﬁ\’\

600 12
2 — Real Road
| Y Carmaker Model 1
500 — — Kinematic Model with EKF 10
"""" Dynamic Model with EKF
400
8 -
300
6F
200 | S A
4
100 r m\ |
\\ T 2
| / 59_‘;\ T
100 } } ; } } i ] H 0
-100 -50 0 50 100 150 200 250 300 350 0

Road Plot

2

4

6 8 10 12 14 16

Error Plot

The error is noticeably reduced.
But Kinematic Model is reasonable for low-speed vehicle

motion.
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High speed [80km/h)

Carmaker Model Error
— Kinematic Model Error with EKF | 4

— Dynamic Model Error with EKF

Carmaker Model l
— — Kinematic Model with EKF
Dynamic Model with EKF

— Real Road

‘i
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\
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4

\ .J .I
00 | <

300

200

100

-100

15
«10*

10

100 150 200 250 300 350

50

-50

-100

Error Plot

Road Plot

The error is noticeably reduced.
But Dynamic Model is reasonable for high-speed vehicle motion.
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3-3] Integration Model
Kinematic + Dynamic

To Wokspaoed
Productt
KO_EKF_Y
] ]
Kin_EXF_Y
zoe e
Soupel
ToWokspace! 0
MATLAE Functbn
3
Produc
MATLAB Functont
PR To Wokspaoa? To Wokepacett
v(km/h) ;
H
. =
[ ~ 20
X KD_EKF X2|
(|
Product2 To Wokspanet
B 20~ 60
I 60~
Frmt Prodici




Kinematic + Dynamic
Analysis in variable speed

395

390

385

380

3756

370

365

360

356 [

350

7
—— road
— — kinematic 360 F
F R dynamic
- —— velocity ntergrat
- - 1 350 |
-~
e
-
b | 340 1
- -
- ~
-~ it L
L i 330
- A
-~
/ 320
/ ,,,,,,,,,,,,,,,,,
pral ] 310 |
7

300 r

20 -15 -0 5 0 5 10 15 20 25 75 -70 65 60 55 -50 45 -40
Straight Road Curve

-35

Integration Model according to velocity is reasonable for curve.
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3-3] Integration Model
Kinematic + Dynamic

Car SlipAngleFL 172 T

Read CM Dict3 Gain3 Scopeb
A

E:a_w

&
Read CM Dict?
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Kinematic + Dynamic
Analysis in variable speed

370
360
350
340 r
330 1
320 1
30T
300

200 1

road | road
— — kinematic il — — kinematic
-------- dynamic
slip ntergration | | 360 -
350
340
330
320
310
] I 300 B i i i : :
60 70 -B0 -70 -60 -50 =40 =30

Straight Road Curve

Integration Model according to slip is reasonable for straight road.
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3-3] Integration Model
Kinematic + Dynamic

e

- ===
?:“\_ T irkagmce
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[
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Kinematic + Dynamic
Analysis in variable speed

LSS

355
390 | _
350 7 ) RN
.'. '/ .
380
345
370 340 |
360 335 rﬂ
- 330 L
1
360 . :
. 325 |
T T
340 -
320 I - -
-20 -10 0 10 20 30 75 70 £5 60 -55 60 45 40  -35

Straight Road Curve

As a result of the tuning, the integration model with
the ratio of 7: 3 was the best along the road.
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4. Steering Control
Pure pursuit

path - I:.:qll R_.}
e 1
IFTQ 2l
R ' '
| A £,
.- 2o |\
| I". T (xl‘Xl) Sin (yaw)
| ] 1
5 =
X CT(J%‘ Oofl{yw{'.
2, Sill{ﬂz{f” TR 5 2. |oterd ervor = (=¥ e Cyaw) - (%a—x) s( yaw)
5[t}=ta;n_l( r:" ) At ool okt
d

e; = (Y, —Y;) cos(yaw) — (X,-X;) cos(yaw)

: e
SIS “a

bq
_22_



4. Steering Gontrol
Pure pursuit

FromS Bet X B SteerAng
lF+r P wheshas= To Workspacel
From12
Constant
Road Sensor = P Senzor_X ‘ st_gr P 5t_em ‘ steer_ang —I- / o< steerang
Fromg fen fen Gain Reate Limiter Gotod
_.‘ o

From
yaw L b MATLAE Function

Fromii

Lateral emror

» N

To Waorkspace1

Prev

To'Workspacels

Prev Y

To'Workspaceld
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4. Steeri

Look-ahead distance control

Read CM DENT

Read CM DEI20

Fiead CM D224

Fiead CM D26

FRead CM D28

ot

MuRiport
Swhen

Corestants

Corstanto

x. 6

Gon12

MuRIport
Switem

if v <= 30/9.6
sensar = 1:
elseit v <= 40/3.6
sensor = 23
elseitf v <= BO/3.6
sensor = 3;
elseit v <= 80/3.6
sensor = 43
elseif v <= 100/3.6
sensor = B;

elze
sensar = Bi

end
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4-11 Video

www!BANDICAMcom

www!BANDIGAMYYcom

START
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4-2) Analysis & Gonclusion

Error AnaIVSIS Kinematic ModelH Dynamic Model
o8] '(" | | 1T Integral Model
0.6 . ’ ' 1 | '
ol 1] "l‘ ’! I ." |'| | il ]"4 " ’4_ Vehicle Localization
]Ir.x l‘“ ’ “ ’} .‘ ;’l‘ . 'u ‘l ") } ‘“ | u’
02 'H; 'ly’l m{ “a ‘." Ml; |""¢ ||'l| ‘“]“"‘ | Steering Control
LA L UJ YR -

% 10%

Better steering control than the original model
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