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B Introduction

B Road slope estimation based on information fusion
» On-board Sensors based Estimation
» GPS based Estimation
» Powertrain force based Estimation

B 3D map generation based on the road slope information

B Experiments

B Conclusion
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Research Objectives

B Road slope estimation algorithm based on information fusion

» On-board sensors: accelerometer, wheel speed sensors

» GPS information
» Powertrain force information

m 3D map generation algorithm based on the road slope estimate

Powertrain force
@

&

Information
Fusion

<

On-board
Sensors

Information fusion based road slope estimation
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Road slope estimation
based on
information fusion
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System Overview

Information sources for road slope Information fusion :
IMMPDAF
On-board Sensors Probabilistic Data Association
thl
Wheel Speed Sensors
Accelerometer aaccel
- VX VY VZ
GPS Receivers — > Multiple Road Slope Model
o Constant Slope
Constant Rate Slope
—‘@.~
-~ ~‘s~
Powertrain r powertrain =T g

Force
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On-board Sensors based Estimation (I)

B On-board sensors based road slope estimation
» Wheel speed sensors V. ol
» Longitudinal accelerometer = Vehicle acceleration + Gravity

a d sin &
e Z theel g

acc wheel
1 dt

0 =sin”
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On-board Sensors based Estimation (1I)

B Advantages
» Does not required the prior knowledge of the vehicle model and parameters
» Independent to the external environment condition

B Disadvantages
» Acceleration sensor noise
» Differential error of wheel speed sensors
» High-frequency noise from the vehicle pitch motion
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GPS based Estimation (I)

B GPS based road slope estimation
» The ratio of vertical to horizontal velocity from GPS receiver

0 = tanl( V2 j
VXY
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GPS based Estimation (II)

B Disadvantages
» Highly depend on the GPS signal condition
» Cannot update the road slope during the stop or low speed condition

0 = tan{ V2 ]
VXY
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Powertrain Force based Estimation (I)

B Longitudinal dynamic Model
T

}vgheel _FL
0 =sin™ L —a
g M
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Powertrain Force based Estimation (II)

B Advantages
» Independent to the external environment condition

» Additional sensors do not require for road slope estimation

B Disadvantages
» Sensitive to the changes of model parameters

» Cannot update the road slope during braking and stop

0.5

Shift in_Progress
T
E—
—
= —
E—
1

o

(4]

gl e i e L
= e TN
. 2 T
o
o

Grade [deg]
o
|

Estimated Grade
= = Actual Grade
I

280 300

> HANYANG 12.

ACE Lab ) UNIVERSITY

control dna

*

Copyright @ ACE Lab, All rights reserved

EVS

27



Characteristics of Road Slope Measurement Sources

B Summary

independent to pitch motion

Independent to external environment

Can work in stop condition

Independent to braking

No additional cost
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IMMPDA-based Road Slope Estimation

B Information fusion with IMMPDA filter

Information
Fusion

| 'y
=t / :
‘ .
1
2= 1 s
,
! ‘7 .
1 ‘s v
1 v //
1 24 ,

IMM-PDA
filter
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On-board Sensors
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Probabilistic Data

Association

- Sensor fusion

Interacting Multiple .
Model Fllter_

- Bayesian Theor
- Adapting road slope conditions y Y
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Multiple Road Slope Model

B Constant Slope Road (CSR) Model

O =constant wmm)p H=0 wm) O, =06,

B Constant Rate Slope Road (CRSR) Model

. =@
0 = constant  wmmp =Y - dix|_(0 Tix
X, =6 dt| x, 0 01} x,
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Interacting Multiple Model (IMM) Filter

Previous Interacting Elementary Filters Model probability
step . update
ﬂj\i _ ”ji;ulf—l
k-1/k—1 2 _ Alc,
T Hi=g
" CSR Model A C YAk
Kalman Filter j=1

O >

>
ol oyt
Xk 1k-1 Xk 1k-1
pl Dl
P P i

Combination N
’A‘k\k ﬁk\k

CRSR Model )
Kalman Filter k
O O—=
R M- - R N
)ii—l\k—l X~12fz-1\k-1 Xi\k—l X}c\k
2 R R
Pl Pl k sz‘k_l Pkl‘k )

Copyright @ ACE Lab, All rights reserved

0
=) UNIVERSITY A CVSizr

ANCE Lab

control dna

*




ANCE Lab

Probabilistic Data Association (PDA) Filter

» PDA Algorithm

f(z, 10.,,m,, )Pr(6; | m,, ) exp(— v S;'v, )
ﬂ _Pr(g |Zk,mk, kl)_ k J k kl k kl ﬂkj— k,j k,j
Z(Zk|9j9mk9Zk—I)Pr(9j|mkbzk—1) b+zexp( vkjS Vi)
=0
1 b
;PDPGIUF(m_l) Bio=

Pr(0, | my, 2, )=

b +Z exp(—

Jj=1

vkjS Vi ;)

(1= PP ) s, (m)+ P, Py, (m—1)
(I-P,P;) pp(m)
(I_PPG)ﬂF(m)+PDPGﬂF(m—1)
f(Zk|gj,mk, kl)—P N(Zk’ kaSk)VG_(m_l) v,

G

f(z |9j’mk9Zk—1) =V;"

— 5 !
Pr(0, |m,Z,_ ) = b=/7«(2”)2|5k|5(1_PDPG)/PD

~HX,

gk

» PDA Filter

‘xszk—i_KkZﬂk,jvk,j
P ﬂkO (1= ﬂkO)P +K, Z,Bkjvkjvk] vkvki|KT

j=1
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Previous state and covariance

Fk=11k=1) P(k-1]k-1)

l

Prediction of state and covariance

£(klk-1)  P(k|k-1)

l

Set up the validation gate and select
the measurements

V.. (k) z(k)

l

Evaluation of association
probabilities

B (k), j=1...,m(k)

l

Combination of the multiple
measurements based on the
association probabilities

#(k k) P(k|k)

Copyright @ ACE Lab, All rights reserved

eVSlz2r



PDA Filter Concepts

B Weighting each measurement using Bayesian filtering theory

Pops =0
ﬂPowertrain = 04
ﬂOn—board = 06

X —1k—1

On-board
Sensors

T 1 x * * _

. ] v STv =R,v =z —Hx

Validation Gate |, _. g2z
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Experiments
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Experiments — Constant Slope Condition (I)

B Test site — Yeongjong Grand Bridge
» Reference slope angle: 1.95 %
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Experiments — Constant Slope Condition (II)

B Raw data from each measurement method

6 [
| | | | | On-board Sensor
_______ GPS
4 Powertrain
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Experiments — Constant Slope Condition (IV)

B Slope estimation with IMMPDA filter

\
Constant Slope

Constant Rate Slope

o
ol

o
o))

Model Probability
o
N

o
N

20 40 60 80 100 120 140 160
Time [sec]

RMS Error of the IMMPDA filter

On-board GPS PT CSRM-PDAF CRSRM-PDAF IMM-PDAF
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Experiments — Poor Measuring Condition (I)

B Test site — Hanyang University

b) braking

>6 ¥ a) poor GPS
104/
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3D Road Map Generation

B 3D road map can provides future condition of road slope to the
energy management system in order to generate optimal driving
strategy
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B A real-time road slope estimation algorithm based on information
fusion of GPS, on-board sensors, and powertrain force is proposed
to apply for the energy management system of electric vehicles

B The proposed information fusion algorithm can improve accuracy
and reliability of the road slope estimate based on the IMMPDA filter

B Road slope estimated from the suggested estimation algorithm is
used for 3D map generation

B The generated 3D map can provide predicted information of road
slope to energy management system in order to generate optimal
driving strategy
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Thank you for
your attention.
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Case Studies
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Speed Control of Autonomous Car A1

B In the Variable Slope Condition
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Distance Control of Autonomous Car A1

B In the Variable Slope Condition

------ w/ Feed-forward
w/o Feed-forward

Error Distance [m]

10 15
Time [sec]

Downhill
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Previous Studies

B Ohnishi, Hiroshi, et al.,

ANCE Lab

“A study on road slope estimation for automatic transmission
control,” in 2000 JSAE Review

= On-board sensor based estimation

Peng, H., et al,,

“Recursive least squares with forgetting for online estimation of
vehicle mass and road grade: Theory and experiments,” in 2005
Vehicle System Dynamics

= Power-train model based estimation

Bae,H. S, et al,,
“Road grade and vehicle parameter estimation for longitudinal
control using GPS,” in 2001 IEEE IV

=2 GPS based estimation
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Experiments — Variable Slope Condition (II)

B Information Sources for Road Slope

» On-board Sensors
» GPS
» Powertrain Model

20 [
! ! On-board Sensor
A5 b 0| e GPS i
Powertrain
! ! ! ! Bty | == RTK-GP |
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B Slope Estimation with Single-Model Kalman Filter
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Experiments — Variable Slope Condition (IV)

B Slope Estimation with IMMPDA Filter

{
Constant Slope

Constant Rate Slope

20 40 60 80 100 120 140 160
Time [sec]
Model Probability of the IMMPDA filter
On- On-
GPS PT GPS PT
On- board Board CSRM CRSRM IMM-
board GPS PT CSRM CSRM CSRM  crsrm  CRSRM  CRSRM PDAF PDAF PDAF
KF KF KF KF
KF KF
3.01 1.15 1.43 1.57 3.01 2.49 2.88 1.05 1.04
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Experiments — Large Pitch Condition (1I)

B Large Pitch Condition on the Flat Road

0.4 I
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3D map construction based
on road slope information
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Map Generation Based on Optimal Smoothing (I)

ANCE Lab

. System Model
x,=F_x,_ +G_u,_, +w,_ where w,_, ~(0,0,)

v, =H,x, +v, where v, | ~ (O,Rk)

. Initialize the forward filter

= E(r). B = (5 =50 ) (=50

. Execute the standard forward Kalman filter, K =1, ,N
/- 8 S+ f+ S !
1{ Fklxl{l ) K,{ZP,:HkTRk_l _'xk T+ K (yk ka )
B =F_ P F.+0, p" = (I-K,H, )Pkf_

. Initialize the RTS smoother

~b ~f b _ pf
Xy =Xy, Py =Py

. Execute the RTS smoother, K=N-1, ... ,0
K, = Pkf+FkT (ijil_ )_1

o /\f+ A f
X =X +K (xk+1 xk+1)

P =P/ -K, (Bl -P.)K/
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Map Generation Based on Optimal Smoothing (II)

[ ] System model Horizontal Alignment

X, = fi (xk—l9uk—l)

A

North

) X, > dyy =Ayy
— X, —> nyk = nyk_l +T-a X7,
— X3 > G =G

X, >0, =6_,+T-q,,
- X, DY, =y, +tTr,,, East
— Xg > X, =X+ T Vyy COS(WH) Vertical Alignment
m) x, > Y, =Y, |+ T-VXYk_1 sin (‘//k—1)
- x, > Z,=Z,_ +T-V,, tan(6,)

v
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Map Generation Based on Optimal Smoothing (I1I)

B Measurement model

Ve =l (xk—l)

— = \/VX,GPSkZ + VY,GPSkZ = VXYk
V.
y, — tan™ (—VY’GPSk ] =y,
XGPS,
y3 - HlnfomrationFusion = Hk—l
—_—) y, > Xeps, = X4
-_—) > Yips, =Y,
-_— > ZGPSk =Z,
NCE Lab = §{ad HANYANG
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