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Abstract : Availability of the climbing angle information is crucial for the intelligent vehicle system. However, the
climbing angle information can’t be measured with the sensor mounted on the vehicle. In this paper, climbing angle
estimation system is proposed. First, longitudinal acceleration obtained from gyro-sensor is compared with the actual
longitudinal acceleration of the vehicle. If the vehicle is in yawing motion, actual longitudinal acceleration can’t be
approximated from time derivative of wheel speed, because lateral velocity and yaw rate affect actual longitudinal
acceleration. Wheel speed and yaw rate can be obtained from the sensors mounted on the vehicle, but lateral velocity
can’t be measured from the sensor. Therefore, lateral velocity is estimated using unknown input observer with nonlinear
tire model. Simulation results show that the compensated results using lateral velocity and yaw rate show better
performance than uncompensated results.

Key words : Lateral velocity(3 4 =), Climbing angle(s-¥+2}), Unknown input observer( 7] A ¥ 2 ¥=71]), Dugoff
tire model(Dugoff E}e] o] X2, Intelligent vehicle(#] 5 & A& =}

Nomenclature Wi : wheel speed of each tire
o . : tire effective radius
ax : longitudinal acceleration o )
: g : gravitational acceleration
ay : lateral acceleration i e of each i
S . . a : slip angle of each tire
Cwi  :longitudinal stiffness of each tire A l'p g feach ti
. . j : slip ratio of each tire
Cyi  : lateral stiffness of each tire P ) )
L ) . o) : steering angle of front tire
Fyi : longitudinal tire force of each tire
. . : yaw rate
Fyi : lateral tire force of each tire ; yl‘ bi |
L . : climbing angle
F : vertical tire force of each tire o g g. )
. )i : friction coefficient
: mass of vehicle
: longitudinal velocity L M2

: lateral velocity
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Fig. 1 Climbing angle comparison

2.2 Unknown Input Observer

UIO= v 9] 1= o] =g
A el W4 FHE 5 AES 4
AT S AP A"

3.
2
= A3} bank angle 33 1A ¢] 9] 0 7 o} 2

=)
jins
i
&

Ir

€l

= =

i f, (V) )

9] 9] £, = B Erelo] mulle]t) ofe] v
F oo} Rdo] EAstA Nt & =l A= 1
A AL s B R Fde] 7hedt Brolo] 2l
Dugoff tire =2 S o] &3} v L1 U= A
WL S 43S 2 ghe) bank angle©] S
Lo A 3] Alell= Akl & Zho] WHAlEA H
2|7} bank angle®] <3 &Fol] H]3) 21| wjiLo iels}
2] gEth 2 (4)E o) &3ste] Ulos Ak 54
o] o o] A7 w]R-go] £¢E 7] wjio s}l
SARA S vhEolof gt} wheoldl S nde

4 @9 AFFE o, ZHE TAAE FEER

2

& 0 K

vy :]Z] (ay,u) (%)
A7A vy = A 2R S o, 2FE TR
& ] ghe}, o] 24 UI0A Aol tl gk 1) 7}
WAl =5 A 2] (6) 7 2ol veRd = lek?

k1
il
lo

480 BRAISAZEE=2F H23A HsS, 2015

. 1, -
z=—Lz— L, ay—;fy(vyyu) (6)
ﬂy:z-i-vz

SAINE o] A e #5729 o) 7} Efo] o]
Eelo A 37l gho] 7] wiitel] 7o Efojo] el

2 A}, WA T4 o
q

1

ot
~
I
b
v
odt

N

B

ol 0
o
o o
o,
2

=
2
ki
o &2

|

9 ro
-
i}
o, N

SIS
L'y

4

x
X
o =

o 9
)
An)
o 4
o
o
S
%2,
r?

o] 3 o]8-5k9l7] wiZel
] glow gholole] e} =
=.o] 2gefol mpet 4 grol vhel uhe 5= Qe
214 UI0%= oA U0 Lhe: 412 ok vl g
sto] 919 F 7HA] A S A AT 595 B

& ol gs] Mg B57) wde A ()HF epd

=
% gleh

a2}

v,=—v,yta,— 927 Kvy(au Jy (v;,u) @)
1 ~

z = — ”u( y ’rnfy( Y ))

v = z+u,

¢ = K,(v,~v)

2.3 Dugoff Tire Model

UI00] A}-8-¥ Bfo]of BLEl 2 th2 B4 9 o] of
o) nja] eolok sh= wpelu|E]7F 2L Dugoff
Efolof BLElS o] 8- 3It). Dugoff Bfelof KLHlo]
2o 2 (8)7} 2k

Fo= G (o) g
tan(a,;)
Fyt = Yyt 1_)\ f(o-L)



Climbing Angle Estimation in Yawing Motion by UIO

flo) = Zhuel A Yo t= gle) Azt e = 4 (9)
2 AXE

(2 o ) (O’l < 1)
f(Ui):{ 1 (0, = 1) ©)
where
pE(1—=X,)
o, =
24/ C2 N+ Ch tan’oy

p IS} Erolo] Alol ] 1w wh A R
ERAE durz el olaBEd 1A sle] 0852
ARg-ehaeh? = 2} vkl o] 4 32 o] ek, Dug-

ff Epolo] walol A pajd T et Dk s

]%0}04 21 (@)ell hdakA H AlLke g3k 7
SEE 2 (10)3} 2,

G, = %fy(vym (10)

1
((Fzﬂ+Flf7)Sil'l(5)+
m
(E/f/+E/r)COS(5)+E YF )

yrr

Dugoff Efolo] Relo] X F-ajxf o} shi= th& 3

Q1 o= RIS Share] ARkarol 7] wlel 4] 8]
AH F o] B H S A8 T TterationS E©]7] 9
aff A 73] M 9IE vk o] Btk
- V,tan(%)é v < VTtan(%) (1)
whok G &7t A5 )] ool oA He A
= ARkARl F3 Asto] oj 7] wjZoltt Al E
o] X3} 218 A3} jteration©] 10°]3}= LA H o]
FIE3] e Al g Aldte] Atk AS o 5 2l
ATt

3. AlE8o|M

B =3Ol A Aket daEl &S 2 Al EE o]
E1Ql CarSim¥} #|o7] A Ao A-8-¥ MATLAB/
SimulinkE AFE-3te] Al &g o] 3k} CarSim

o Al o= AlA HolE(B, & dlolE, 237}
)7 F4719 o] Ak AV Aes T
A7 3} 4] A 1w 2 wholx] 753} CarSim
S A8 A B o] 2 40 kph & G A 9 =2 7]

=

—real value
=-= estimated value

Velocity(m/s)

0 10 20 30 40 50
Time(s)

Fig. 2 Lateral velocity (scenario 1)

== uncompensated value
---compensated value

30 0 50
Time(s)

Fig. 3 Climbing angle (scenario 1)

E717F10%%] =24 Eetil & A3 & ol Al
v e 014
]SS T3 FAH FEHE} 5Y

st ?ﬂtﬁaﬂ G 2= 0% 2] E2
F M3k Blolth EEke H~E9 A3] H
Ay} HAo 7 e Bk 537 A9
RMSE ;-2 B3 749 0.0448% 9 1L, B A 3}A] &
2 9 05611%Ac}E 532 F49 Hu L34+
BAZ F$ 0.1956%A3, HASA &S F$-
1.3577% Attt

FHA AU 10%2] =2oA &t $
As)eh= Blot) Seby HAES A3] g 2~E 4
I AA T2 Ao AAIFHE B 5 Ak 30x00
A 403 Atolol] B4 9 A7 A Sk o] =
g]ULoﬂ}q oeul—oi H],JH‘— oiiz}g pdd

=5
2+
s

[ﬁ
_>L_I}L
>,

[y o
i)

m

=

=

p

O

19
A AT WA G v u]fs} 2

.

Szt 7o) RMSE#HS B

Transactions of the Korean Society of Automotive Engineers, Vol. 23, No. 5, 2015 481



o
o

—real value
== estimated value

Velocity(m/s)
o

0 10 20 30 40 50
Time(s)

Fig. 4 Lateral velocity (scenario 2)

L : : : :

Angle(%)

- real value
-101| === uncompensated value [ |
=== compensated value

-
o

0 1b Zb 30 40 50
Time(s)
Fig. 5 Climbing angle (scenario 2)

31, BAEA] 9 A9 0.5752% At TR A4
o A exb= B 49 0.5893% L, BA
2| ek 739 1.4129% Tk

[€)

-

4. &R AE

AR} A2 Aol A o] A B} u-turns SHLAL
A =2 7] &7]E o|n] ¢al e ERoA &
2 S AAEA T AaF Al AR gl
FA dagFol o3 dolEE A7) 98 35 A
o] 2 Mo} AAMAIAIA, B8 L AXF AFE-St
Ao AAZEAE S 913 MicroAutobox & AHE-5}
Ak ALE-3F 3% zlo] 2 AlA o] A= 0.02%/sec
o, AAMA A 2] A E=0.0035°, 43 541
A o] A== +0.5%9]th

dauE]ES Sl FHE P& TS =4

NS
StE T A AU 2= 0% =24 A&
Sk Al L2] @ ot} Steering wheel angle ¥} - %=+= Fig. 6
3} Fig. 70l A&k o] m] H 2= A& oL 9l

482 BINSABEE=2F M3 HsS, 2015

L : ! ; :

o]
o

@
o

I
o

n
o

Steering wheel angle(deg)

o 20 0 50 80 700
Time(s)

Fig. 6 Steering wheel angle (scenario 1)

Velocity(km/h)

Time(s):"

Fig. 7 Longitudinal velocity (scenario 1)

0.5 T T
: : —real value
Ol AECERtte SRR FUCTH estimated value

Velocity(m/s)
o o
- [}

o

<1

0.2

0 20 40 60 80 100
Time(s)

Fig. 8 Lateral velocity (scenario 1)

7] wiell Eazhe] A g 0% SFalth Fig. 7
= 1A oF 10274 H27F A S ek A
= & T Atk o= AA Al A FE S shof A
A7 Ao 7 pitch angleJ osko] AX A Ao
27y A whebA] S3zE 374 o] RMSE# &
o} @ 3F= 103 o] $--H 1002744 2 73813 T,
RMSE®] #k-2 B AT 749 0.0960% %431, B3}
A & 739 0.3824% Aok ¥ FA ] Ao &



UIOE 0|88t M3 Al SEHZ =3

R B s A "1 & uncompensated value
L) i | * compensated value
o 20 40 60 80 100
Time(s)

Fig. 9 Climbing angle (scenario 1)

500 T T

Steering wheel angle{deg)
o

Il

-5000 20 40 60

Time(s)

Fig. 10 Steering wheel angle (scenario 2)

Velocity(km/h)

20 » 40 50 &0 70 80 0
Time(s)

Fig. 11 Longitudinal velocity (scenario 2)

2= RAT 79 0.3058% L, BA3HA] ok 4
$-0.6145% STh.

TR AU E=10%9 =29 -16% L2 A
#9833 Alye] 2 o]t} steering wheel angle X}
453 Fig. 107} Fig. 119 =AISFATh BAE 9=
2o|A EEts & A5 A3|A]oll= T2l
29| AAzbr g 2 fo)

HT

—real value

Velocityim/s)

0 20 40 60 80 100
Time(s)

Fig. 12 Lateral velocity (scenario 2)

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

)

)

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

Angle(
n

o realvalue
-15 & uncompensated value |---
+ compensated value

0 20 40 60 80 100
Time(s)

Fig. 13 Climbing angle (scenario 2)

upgpA] o] & A AAE AEste] Agto =
A7yt ZAAM AlA gkke] v alE &3l RMSE
# A 245 T8tk RMSES] a2 2 g
73-9-0.5846% 131, BAg3HA] - 79 0.8131% A
th Szt g9 Aol o ab= B A 1.4635%
AL, BASHA] @FS H9-2.2912% Atk A HA A
v @ ob= 2 A S 27F 3 ASHAl S7FsHA] 28k

ok 2 gelstaitk
5.2 B
+mwellde $NE A Rl d5ES 5
Asto] AArE FAF Ao SR 4 W
RN

Transactions of the Korean Society of Automotive Engineers, Vol. 23, No. 5, 2015 483



Hyeongkyu Byeon + Hyunkyu Kim * Inkeun Kim * Kunsoo Huh

¥} vlats)] Bokch AlEeold Ay RAEA] eFS
Azte] A oAb oF 1.5% AT BA T Ao
Hu 223 2F0.5% At AlEH oA S Ball &4
5 H15e v S A A4S FEl d5S Bt
& Btk A Aol A= RAEHA b Ao
A e A= 9F2.3% 1oL, RAF A3te] F
= 9F 1.5% Atk uhEbA, Al el A
RF SRS BA &= A3 oF 1% 24}
I Ak ojull, FAM 1% 2= T % 1500kg

o]

o)
o

o ooy

N @ o

j =

Bt
o
5
]
o
—o
B

=
kY
By
o
>~
>
B

0% oy L
Y
fu o
N

2 N

u of\

ot

H
"

O o
[o
pa)
o
fu
)
=
)
i)
roh
R
ol
i
=)
of 2 1

X

oo iy
ot

% T
o
o
8
o
By
o

oy
< o
=3
=i
to
et
o
o
to
24
N
Nk
§2
o
i
ox
SO P R A I T TS/ <L)

o 1 gy

o
)
)
0%
flo
=3
3
=
o
=
[0}
[¢]
o
i ot
1o,

1}

i)
doy % Iy
r |
o,
K3
8 =

0l
A
N
)
a2
"o,
re
-
e
)
il
fo
_(:»‘L
N

° g
=1
ag
o
=
o
o
2
2l
i)
o

=

&

LER

o

o

rlu

oN

4
oot

4t

kil

N ‘W’
o oX
I ox
o o
o 2 9

oo
ot
v}
)
iy
oify
flo
oX,
olr
ftlo
~N
8 7
et
Bl
o & X

ojft
ue]

Y

W] AT E T FA4R
Hill holding & $13 #lojo] Ao& 7 A1
T olov, A4 we AE =
A T8 Rl Apge] A 914 ARe] e A

== Zlolth

gl 4

)
N
>

Q
=
~
N
L
o
22
>
et
K
By
o
o
fru
o

- )
o rz 3 2 o e

2 KU
o
Hi
e
-
2

T,
o
R
o
i
13
S
4
0%
)
N
B
re

-
>~

F19) (No. 2012R1A1A2008054).

References

1) Y. Sebsadji, S. Glaser, S. Mammar and J.
Dakhlallah, “Road Slope and Vehicle Dynamics

484 B=IRSASEE=EE H23RA H55, 2015

2)

3)

4)

5)

6)

8)

9)

10)

Estimation,” American Control Conference,
Seattle, Washington, USA, pp.4603-4608, 2008.
P. Sahlholm and K. H. Johansson, “Road Grade
Estimation for Look-ahead Vehicle Control
Using Multiple Measurement Runs,” Control
Engineering Practice, Vol.18, No.11, pp.1328-
1341, 2010.

B. Ganji and A. Z. Kouzani, “A Look-ahead
Road Grade Determination Method for HEVs,”
Electrical Engineering and Control, Springer,
Vol.98, pp.703-711, 2011.

L. Y. Hsu and T. L. Chen, “Estimating Road
Angles with the Knowledge of the Vehicle
Yaw Angle,” Journal of Dynamic Systems,
Measurement, and Control, Vol.132, No.3,
2010.

P. F. Katranitsas, A. W. Ordys, P. M. Darnell
and J. Jimmy, “Road Gradient Detection Using
Kalman Filter,” IEEE, EUROCON, pp.1492-
1497, 2013.

H. Ohnishi, J. Ishii, M. Kayano and H.
Katayama, “A Study on Road Slope Estimation
for Automatic Transmission Control,” JSAE
Review, Vol.21, No.2, pp.235-240, 2000.

D. W. Pi, N. Chen, J. X. Wang and B. J. Zhang,
“Design and Evaluation of Sideslip Angle
Observer for Vehicle Stability Control,” Int. J.
Automotive Technology, Vol.12, No.3, pp.391-
399,2011.

L. Imsland, H. F. Grip, T. A. Johansen and T. L.
Fossen, “Nonlinear Observer for Vehicle Velo-
city with Friction and Road Bank Angle Adap-
tation - Validation and Comparison with an
Extended Kalman Filter,” SAE 2007-01-0808,
2007.

L. Imsland, T. A. Johansen, H. F. Grip and T. L.
Fossen, “On Nonlinear Unknown Input Obser-
vers Applied to Lateral Vehicle Velocity
Estimation on Banked Roads,” International
Journal of Control, Vol.80, No.11, pp.1741-
1750, 2007.

S. Mammar, S. Glaser and M. Netto, “Vehicle
Lateral Dynamics Estimation Using Unknown
Input Proportional Integral Observers,” American
Control Conference, Minneapolis, Minnesota,



Climbing Angle Estimation in Yawing Motion by UIO

USA, pp.4658-4663, 2006. Study on the Transient Brake Time of Vehicles
11) R. Rajamani, Vehicle Dynamics and Control, by Road Pavement and Friction Coefficient,”

2nd Edn., Springer, New York, pp.389-393,2012. Journal of Korean Society of Civil Engineers,
12) C. S. Lim and Y. W. Choi, “The Experimental Vol.30, No.6, pp.587-597, 2010.

Transactions of the Korean Society of Automotive Engineers, Vol. 23, No. 5, 2015 485



