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Development of sensing and control technology for docking of ART system
>Sensor fusion technology : Vehicle position, surroundings (pedestrian, bicycle and others)
>Control technology : Integrated control of steering and braking

Target Development item Technology
@ Smoothness at getting on/off at station (1 ) Sensor fusion technology compatible

Target gap ; 40mm=20mm
@ Robust control in various environments

B A h >The best routing for docking
W= __ even in severe condition

« >Get on and off safely with current road marking
. " >Shorten staying time at station S

Without
control
/ I I
1A With

Approaching speed ; 40km/h {

Tire angle —

® Smooth braking and steering control /X contro
o™ ]t >Prevention of in-car accident
_1 ']j* >Passenger comfort Time—> )
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\ steering and braking control

4) Harmonizing driver and
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Hands on Steering




1) Survey on subject about
precise docking

- Improvement of system control performance
- Steering - Braking

- Field Operational Test
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- Improvement of steering system
control performance

- Optimization of control gain

- Optimization of calculating transverse deviation

- Steering control which compensate the tire angle
response to the steering angle behavior.
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Optimization of control gain

Control gain k2 (term of decreasing transverse deviation)
k2 value was Constant —  Switch k2 values (straight / docking)
= Optimum vehicle behavior in each situation

Constant Switching (straight / docking)
Optimized gain in straight situation. Optimized gain in each situation.
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© Tracking performance is considerably improved.
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Optimization of calculating transverse deviation =
%

Transverse deviation
@Change calculating position (vehicle forward) for target value.

(Last year, calculating position for actual value was already changed.)
@0Optimize calculating position depending on speed, situation (straight/ docking).

| e F e e2 =Lt(D+F)—L(D+F)
Travel distance; D ard QY ctual Ve o: L | | |
Fo\’\N A t\]a\b\
. S __Taroe Transverse I |
deviation Travel distance Distance between

Target Actual calculating position

Transverse deviation; e2 value value and vehicle front

Effect of changing calculating position (target value)
Calculated at vehicle front Calculated at vehicle forward position
e2 = Lt(D' ) L(D +F) (distance F) e2 =Lt(D +F)—L(D + F)
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© Tracklnq performance is improved.
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Steering control which compensate the tire angle JTEKT 7~

__response to the steering angle behavior Koyo | mmzm

Without compensation

Dead zone between steering angle
and tire angle is about 11degrees.
= Correct target steering angle.

Amplitude in
straight |
29cm -

N
T

Target value
Actual value

Transverse
distance [m]

o
T

D
o

100 120 140 160 180 200 220 240
Running distance [m]

With compensation

_ ! A Amplitu'de in

| . straight

| 5cm :
Target value

N
o
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Steering angle
Tire angle (convert into steering angle
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Running distance [m]
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Steering angle [deg]
o

N

Transverse
distance [m]

Results of docking control O[L=—Acuslvale _ =~
(Lateral moving distance is 2.4m.) 100 120 140 160 180 200 220 240
Running distance [m]
Without With
compensation compensation  zrget range: +20mm.

OK (both front and o o
middle door) 30% 73% I 1b .
NG (NG at least one 0% 7, O lmprove Yy compensation
of the doors) 0 0
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- Improvement of braking system
control performance

- Braking control strategy for stopping
to the bus stop with high accuracy.
- Braking performance verification
of disc brake system

JTEKT Corp i



Stop to the bus stop with high accuracy o

Braking control method “
- Calculate target acceleration

> 20F
using assumed stop point. . e \'

elocit
a = 120 140 160 180 200 220 240

2(St = S)

Velocity
[km/h]
o

. 05 :
’ka:target acceleration, v: velocity g o
S:runnig distance, St: assumed stoppingpoint ££°° rongluinal

120 140 160 180 200 220 240

Running distance[m]

- Set different values of assumed stop

point in the first half and the latter half &'

of lateral moving E
° 05

Result g

Longitudinal deviation:£0.2m 8y O

> Allowable range: £0.5m h
g 0 moving
§ -lv -1

-06 -04 -0.2 0 0.2 0.4 0.6
Left «— Acceleration [m/s2] '—> Right
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Braking performance verification of disc brake system

Comparison of braking performance with drum brake and disc brake system

Disc brake system has potential to improve accuracy
- Brake torque of drum brake system had large variation for same command.
Brake torque of drum brake increased under cyclic operation.
- Brake torque of disc brake system had small variation for same command.
Brake torque of disk brake system was changed according to vehicle speed.
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~ Outline of Field Operational Test oyo | mmn

o ) @Bus Yard of 4““ “

Sta.

PR AN \ Toyosu

v . N & ~'-'
< @Close to Ariake
tennls no mori Sta.

. @®Temporary parklng Iot
of TFT Bldg

T \ "Driving route
NAe --Between TFT Bldg. and Toyosu Sta.

/"—Temporary Bus stops
7~ for evaluation of precise docking
OTemporary parking lot of TFT Bldg.
@Close to Ariake tennis no mori Sta.
(North direction, South direction)
®Bus vyard of Toyosu Sta.
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Precise docking evaluation Koyo |

1) Temporary parking lot of TFT Bldg.

GNSS condition was good sensitivity.

Highly accurate precise docking =
~~
L. N E 50 T T T T T T T
\ N ""/./ S .. \» =.40 - ]
N & e >30¢r 1
: 2 : 'S 20 i
: AN 9 10 E—
N ~ ) () 0 1 1 1 1 1 1
ANC . i > -60 -50 -40 -30 -20 -10 0
N 227 £, Distance [m]
. > et T T T T T Target
."\‘gﬁ-:ﬁ??ﬁ; # C_U 8 6 Actual
© c4ar |
o @©
- =2 )
© .2 -
—1 o lk L : ' : ' ' :
-60 -50 -40 -30 -20 -10 0
- Distance [m] Stopping point
= c 01 ' . . | I ' |
cS | — 4
- 4 W" = & g
RS Iael -
= 001
O) (D i i i i i I y
S 8 -60 -50 -40 -30 -20 -10 0
— ®© Distance [m]
E‘ T T T T
= 0.1 i
g -
= U T B B
o
< 501 | | | ]
o D
9 -60 -50 -40 -30 -20 -10 0
© o Distance [m]

JTEKT Corporation



JTEKT 13

Precise docking evaluation Koyo |

2) Temporary bus stop close to Ariake tennis no mori Sta. (North direction)

Highly accurate precise docking. However, recovery time of GNSS signal should be considered.
Accuracy of stopping position and small longitude acceleration should be improved.
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Precise docking evaluation Koyo |
3) Bus yard of Toyosu Sta.

Under short approach line condition, minimum clearance was achieved considering distance to pillar.
Temporary platform was placed at ART experience event.
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Precise docking evaluation Koyo | mmD

4) Temporary bus stop close to Ariake tennis no mori Sta. (South direction)
Under descending slope, smooth and precise docking was achieved from high vehicle speed.
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2 )Investigation for minimized
infrastructure equipment

- Detection of painted line edge
- Detection of curbstone edge
- Integrated detection of line and curbstone
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Issues in sensing for control technology of precise docking Koy |

-In order to realize the accuracy of 40£20mm, o Bl 7 -
resolution is insufficient in sensing R i e . .
with GPS or front camera image L e L1 o R
-Additional infrastructure equipment is necessary
(For example; Specific guidance lines on road

or magnetic markers)
Also, it is difficult to avoid with obstacles such as

cars parked on the street

—By using side camera, boundary and position
detection of painted line or curbstone to improve
accuracy

—Final target is minimization of infrastructure equipment

and achievement of target accuracy
for precise docking by integrating multiple sensing

: ] e ! — e ' KR :

e e ;_ [ & & = 1k s
ERE RNy ; 5 RN
A 2 i ! s - o S § .L

Cars parked near the bus stop
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Detection of line edge Koye | mmm

Monocular camera on the bus = Line edge detection
—In some case, detection was failed.

Related factors: Blur of lines - road condition (wet or dry)
—Improvement of detection algorithm (Filtering)
—Improved tolerance against blur of lines

and wet surface
—>Measurement variation was suppressed

to about 10 mm

Conversion . Conversion Calculate Output
> YUV e on(] to P Fitering [ SS0% P derection [P C and. [P with 1>
RGB grayscale P reliability CAN

\ 2

Conversior] [eenerating

> Merging Ly RG> | |mtage N
screen YUV o

display Side camera (Monocular)

Flow of line edge detection

The result of detecting the lateral displacement

Actual value of Detection result Detection
displacement by side camera error
732 mm 731 mm -1 mm
740 mm 739 mm -1 mm
18 Line edge 760 mm 767 mm 7 mm
gl 775 mm 773 mm -2 mm

The result of detecting the line
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Detection of curbstone edge of bus stop  «ey[mm

In many cases
near the

N

Identification by monocular camera is difficult

N\

Detection target is changed to curbstone edge

there is no line
bus stop

y

N

Detection of curbstone

Camera mounting position

y/

edge by stereo camera

Bus stop
(The front of Toyosu station)

Side camera
(Stereo camera)

(Over the center door)

JTEKT Corporation
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Integrated detection of line and curbstone ey [mm

|
Integrated detection of — — ]
5 orma c utpu
line and curbstone camera [P 20N P vector [ Fitering 1o S P gerecuon [ and [P M [
was tried near the bus stop 3
\L Acquire Conversion o Edge Edge %?;%gl]actg
the image to —»| Filtering [» . P - and »
Both line and curbstone on the lef] |grayscate w2 |
could be detected verang | oz
| screen |7 to >
display

Integrated flow of line and curb detection

..[Image of left cameral .. (Depth map)

<—Curbstone edge

(Normal vector) (Detection resul]
Detection result of line and curbstone
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Fusion of forward and side cameras . |mm

Comparison of painted line edge detection poliigu
results between front and side cameras & cmx

¥

Determination of reliability level

Detection result of painted line edge
by front camera

Comparison — Matched — High reliability Fe—— -

—
Lo I i i

" =

Detection result of painted line edge
by side camera
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Sensing by LIDAR Koye | D

Measurement of distance and Measurement result
angle between sidewalk edge and vehicle 14 R
by search for vertical plane of curbstone T | AT
g 47 e
- Detectable range P |
Distance : about 2.2m 0
Angle : £45deg P

- Accuracy of precise docking (Static condition)
Distance : £17mm
Angle : £0.5deg

Curbstone
angle
-2.7deg e —— : | | | | |
Curbstone 7 e ) N o 10 20 30 40 50 60

distance timefs]
902mm

14 [ AR (GPS) [m]

Measurement display image by LiDAR o 1 2 x4 0 e

time[s]
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3 ) Study of ECU configuration
considering commonization
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CU configuration oye [

-Fail operational steering ECU in common with passenger car
-Correspond to different power supply voltages
(Passenger car:12V — Bus:24V)

- Addition of bus specific precise docking control function

Conceptual image
of steering ECU

HDSt AT g = RS LR |
controller | Precision docking ECU ¢
{Integrated [ P i
control ECLY | | | el I | Asic : GPS
i i
! m MI/F CRU E Host controller( Integrated control ECU]
Braks i CAMN 1/F |
ECL TR CAN I/F . -Generate reference path
e e e e e e e e e S S e Sl — -Vehicle position detection/estimate
: :3“ I:':efa—_:_r\.:_.” E.:Elii-i:-:fi ECI_I : -Path following control
! Power = i _ - System monitoring
@ : J Cont. : ! -Operation management information
i |_ I ASIC ) = communication{V2X)
| T || Fre T jrverelfrelay— | i LDAR - etc.
e nsoni— | CPL Priver < Sensor i vz
I i Communiction
: L AN I/ Tz ™ Motor davicz
' Sensor Drive system Steering ECU
Pf;? 1 e ECU | Precision docking control | | -MDtDFI
: |_ [ ASIC i I -Steering/braking integrated I Econtrcﬂ@;l
i t t | ----------------- -
e | [pre—frveret{reim] Brake | >] Dy compensation of | |
i L 1 CRU R g S — ECU I steering response I I PRI RS :I
- 24V [_'FDWEF ! FRNTTE | - Advancement of |lateral | : Motor
Su i E | displacement detection : :
ER S s { - . Camera | _-Failsafe function __ __ __ __| |_CTU_DI%|
Block diagram of bus steering control system Outline of bus automated driving
corresponding to automated driving system configuration
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4) Harmonizing
driver and automated
operation
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Vehicle test with fix professional bus driver

-Object
Achieve the knowledge
to consider the ideal precise docking
- Implementation content N # u\
Acquire the data about driving maneuver, traJectory Test feld in Univ. of Tokyo

Koyo '

Vehicle :  Hino Liesse (Property of Advanced Smart Mobility Co., Ltd.)
Situation : Docking, Turn at intersection, Parking, Public road
Data :  Position(GPS),Curbstone(LiDAR)

Painted line (Camera), Veicle behavior(Gyro Sensor)
Steering angle, torque, Line of sight
- Analysis example
the effect of vehicle velocity before docking
-velocity : @30km/h specified @not specified

1 -
m Not specified
30km/h

w (=3 ~J o0 w [aw]

Result : Docking deviation is smaller Qﬁ ~~~~~~~~~~~
when @©30km/h is specified. RS l
- Next step 3 . l
Analyze the acquired data. BN B
Estimate the bus driver’s driving behavior. atoral e e
Decide the ideal target of precise docking. distance e -one
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Evaluation of the precise docking with guidance torque using DS ., '

XDS : Driving simulator
Examination of optimum values of control parameters LKA : Lane keep assistance
in LKA control with trajectory guidance torque

precise docking position

Distance to precise docking position : X Reaction torque
X0 X1 A

Direction  —i_ || \ Dead|zon

of travel | LLxo) T~/

1Y Ry Target Lateral
:| LR(X0) trajectory deviation

Experiment with 6 subjects (using DS) ® Control parameter

Lateral
o _ - _ movement Small Large

Considering the influence of proficiency of subject amount

for target trajectory With

- Preliminary driving with indicating target trajectory |Dead zone None dead zone

- Preliminary driving with system assistance .

(Each 3~5 times) Torque gain _

for lateral Small | Medium | Large
deviation
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