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Reduction of Vehicle Vibration and Energy Consumption on Rugged
Roads by H- Control Laws
Student : Zhi-Wei Wang Advisor : Dr. Te-Sheng Hsiao

Institute of Electrical Control Engineering

National Chiao Tung University

Abstract

In recent years, climate anomalies inspire the rise of environmental awareness. Therefore,
eco-driving has been promoted for years. Eco-driving suggests that drivers should avoid
inefficient deceleration or acceleration. But it is hard for an inexperienced driver to take into
consideration both eco-driving and driver comfort at the same time. Hence this paper presents
a wheel torgue control structure for a vehicle on rugged roads to achieve eco-driving and
driver comfort simultaneously.

The proposed control structure is separated into the upper controller, input linearization and

the lower controller. The input linearization allows a linear time invariant upper controller to

be used. The upper controller calculates the desired longitudinal acceleration by H_ control

techniques, because H_ controllers are effective in suppressing model uncertainties and

enhancing driver comfort in accordance with the ISO standard. The lower controller is used to
calculate the wheel torque for tracking the longitudinal acceleration given by the upper
controller. To compensate for the model uncertainty between the Carsim tire model and the
liner tire model in use, the sliding mode controller is applied to the lower controller. Then,
comparisons of the proposed control structure and normal driver reaction on rugged roads are

conducted by Carsim.
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Performance index J(x,u, p)and Constraint. C(x,u, p)=0
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matrix)[9]
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d (s)=d,(s)e™ (4.17)
B0 AR R RAEY AP R i E o R e T 5 2 4~ 45 3 die(proper transfer function)
7 . 217 v pe » LESA 2 578
gt 1% Padé[12]i# g i1 5 Jg Peag 15m/s~ w0 {3 fis fhiE 2.578 = ¢ - 4 1=———=0.172
ITMEEA0T o
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SS < — S| (4.22)
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a, = (4.23)
A, ~ A SRS S O
COEETE 4T
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a = 2[(Cr+Ar)/ir+(Cf +A A, (4.24)
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FHAL DI e 4 E(A>0)pFA =

JE = 8 SRR S A T A T
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WreEdd > 4750 (3.9) 1
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(4.26)

w.R)
{ f J (4.27)
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m
2
& }S
m
2
:{_ _ref |S|

S|

ax_ ref

34



IF EREEERHSG

Bt At Carsim M s AF7 7 ¢ iy 4| B AR end gm0 M€ WA A
FEEA A PG o WIS F RS €01 F¢Y BTz ihrad B B S

B A A e P4 AETAR G R R A IR A A p B e o T

FE A B MR R E 0520 S i KBk B SR G SR RO R
FHMIEVIRIERFEE MRS G TRAEMITIEY &4 200k o iR

“7iE % chd gm 5 Carsim gickf4z2. C-Class,Hatchback # sdicir % 3-1 ¢

5.1 TFHWMBEG X AZFIFL R

N TR AR ARE I B2 o8 A B R e @ LS BT
Bad o BL G T B BAcE5-1°5-20B G v M E B 4 220m> H BE £ FR fe 50m~100m
2 j

B gR ol B 4p £.33mm G E BRI G N ERT B ARG - i
oS

=1
b

Lo T8 E R 5 130m H Ep i & 50m~65m 5 Bty 1.5mm 2 i 0 ) F b

i# © (speed hump)Ee i » H ARFLE S — K5 o

Al B 2 A ERCEER G D FRR R R RS IR
B S E s PR 2 8 BRI T 3 G RRA T 22 @ R E & (15m/s)
Privie % M RGP B 5-3~20 ¢ g = Foofe N AR A R R T EE i R
At o o AL DL BEIF|PEE ArER S An e CHEX DR R T,
SalEFR B g2 4B P=wWT, 251 & iz 5 ; Force 7 m S fhor 2 &
4 o

&19 #ea = ‘A %"Vé’_%*q% ISO J-RJ Lﬁffiw'krz\ 6 1 6 2 Rakzr > Rasz > Rakx A FV'J p ’ﬁ »}'ji

35



FIERED SRR X2 E B eid B2 2 IE S Ragn ~ Rakn ~ R & ) 5 7 4edy

FIFERFDURR L2 LD M E R IR E . E:jP SalETREL R

e
2
o
—_
e
=
O
ﬁ
8}
=|
O
=
~=i
&
iy
=
W
¥
>
&
iy
=
W
\
?H«
ks
=
x
-
s
7{'\

R A PR R e BRI e RS A ook ML R R
BAIEH G B AR el T H R il B B e b R

o L H R RBH A APF 0 BB O e g B A

FoE g R @B L EDAT e T d WSt w4 E AR AR T iR
"I/‘F %)’"} 4 %” F&__l_rn;y-,m Y ﬂkf"#{]%ﬁ‘;ﬁzﬁ;q% ‘; %‘E'lft‘l";i/»\ﬁnm‘/ ?4E1§)§
20
15
10 5 ﬂ

height(mm)
o (8]
_—
—
—

| |
-5 u
-10 u U
-15
0 20 40 60 80 100 120 140 160 180 200

distance(m)

B 51 -Baez 3 AEB

36



15

10

height(mm)
o

5
-10
-15 ;
0 20 40 60 80 100 120 140

distance(m)

Bl S5-2 kel FAF

figg— ¢ 12 16m/s(54km/h) 2z 4= & i Wi @ oo

uncontrolled uncontrolled
3 |- proposed model [ ] == proposed model

Q Q
E o E o
) i)
L <

-1

' 1 " |
2 |
) | | |
-4 3
0 5 10 15 0 5 10

time(s) time(s)

B 5-3~ fikt- A MR XL e kW AR(ZBDER E(-RD)

37




15 6000
uncontrolled

----- proposed model 5500

proposed modeIFzr

-~~~ proposed model_zf

1 5000

o R
|!'|' 'iul' has|

4500

IR
i
|, il 1 H] !l

40001

3500 B
3000

akx(m/s)
Force(N)

2500

2000 i { [

1500

1000

15 ; 500
0 0

time(s)

54 - CME 4ol R (2 F)EH SHL D w4 (L)

x 10
500 25
450
400 2
350
300 15
£ [ g
Z 250 5
i H
q | . 'l |
200 1 —H
150 H
100 HAH 05 HH
50 \-
0 ; t 0
0 5 10 15 0 5 10 15
time(s) time(s)

B 55~ k- 5 &8k et B(ZBe» 3 (-8

W o o) 12mis(43.2kmih)2 4~ i i B E G

3 T T 3 1.5 T T T
uncontrolled uncontrolled
proposed model ) AN I A N N T S N Moo proposed model

2 T

1.1 ,
| 05 k i
1 I ¥ i i
i i
Dl i
g ri b 7 N |
E o £ '
5 |V | El H
< 1 | < .05 1
1 ¥ '
-1

2 15

3 -2 L

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

time(s) time(s)

RI56 - A MEXLE e R o R(=BDEE AR

38



proposed model _zr
15 T T T 5500 . g
uncontrolled l T ~=-=~-~ proposed modeIsz
i , == proposed WOdel 5000 i!“ nll : | PR uncontrolleszr
i
H If, l!ﬁ ] 1K ‘i.l! ik - unconlrolledFZf
h Il 4500
I il ) it [IHHH
i [ uhitlli )0 e I]M {130
05 B Ay Fiis ) filhd ""Ilb '-L!'il "i.“l'ii ai
¢ Il ey o (i i ]
¥ AR [ 4000 i} 1 i i
- HHEHTY i - W S bt
Q sl RN L Z IH ||! H HI til
E o AR X LA 1 [H i il
] i A IRy o 3500 CH I
@ g g p v 5 I | § |
AN R ] * |
IHERH ] 3000
0.5 - | {
i H H | |
yoF by 2500 f {
. ' | '
2000 | l 1 l
-1.5 1500
o 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12 14 16 18
time(s)

time(s)

Bl 57~ k= A ME XS i R (ZBDEw BTt w4 (% F)

350 14000
300 12000
250 10000

_. 200 8000

g B

=

S

=150 g 6000

|| |
iiiiii AN AL

1 1 3 0 ——r— 3
0 1 2 3 4 5 6 7 8 9 0 0 1 2 3 4 5 6 7 8 9 10
time(s) time(s)

B 5-8 ~ fickt= 51 &3k 24 B(ZB)Y# F (L B)

‘b_,_,__
—

o g
R

Wkt = 1L 20mis(72kmih) 2 4~ i i B E 6 2

6 4 T T 3
uncontrolled uncontrolled
----- proposed model 3 — model
4 | I
[l 2 |
, (| | ] Qi
‘ i
& i z 0
E ol A gy
3 Qa1 I
2 H i 2 HH ' ]
-3
-4 1 L)
! 4
6 -5
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time(s) time(s)

BIS-9 - AR LB v A(ZBERAE(EE)

39



akx(m/s)

T (N-m)

WHe .

akz'(m/s)

e £ £ £ 6000 k proposed model zr
uncontrolled L i L L A model af
""" proposed model 5500 ii H === proposed model z
! 5000 II_ ‘.“ fr e Bl unconlrolleszr
4500 il plhell I - uncontrolled; zf
Hbi T b
o e 1 I A
4000 ¥
= i | || [ ¥
Z 3500 Ry
° g
LEL 3000
2500
0.5 ! il
2000 ! l ! i
1 1500 i
1000 :
e 500
0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 g 10 I

time(s)

B 5-10  HhE= A ME £ S B E R (ZB)E L HTED %4 (LF)

x 10

700 4.5
4

600
as

500
3
400 g 25
= | 5.
I 15

200 |
\ 1
100 ‘ ‘ o
0 ) 0
0 1 2 5 6 7 8 9 10 0 al 2 5 6 7 8 9 10
time(s) time(s)

B 511~ g = 51 & Hk &4 B(ZBDE# F(+ R

~ 3 > ~ N ~ =
12 15m/s(54km/h)2_ 4~ i# i i ELm T o
4 3
uncontrolled uncontrolled
3  — proposed modelt | | | 4K | |- proposed model
2
2 |
1 1
H
0 p @ 3
v
] € ol
4 &
-2 1
H
H
3 !
2
‘ l
5 3
0 1 2 3 4 5 6 7 8 9 [¢] 1 2 3 4 5 6 7 8 9
time(s) time(s)

H

OEEPRS="TE RS SRS RN YEY DERYACH

40



=

-

15 6000 3 proposed modeIFzr
uncontrolled ﬁ
_____ proposed model 5500 ] l”! ~—e-- proposed modeIsz
: 5000 }‘ ”l -+++a---- Uncontrolled zr
n
4500 | ;1! . ~-=e~-- uncontrolled zf
05 ) 1000 .‘I P
@ \ i Z 3500 !
E o Y g ‘
o 5 3000 |
o5 2500 L i
: I
2000
1 1500
1000
-15 500
0 1 2 3 4 5 6 7 8 9 0 2 4 6 8 10
time(s) time(s)
B 513 e A MR LGn R R (ZBDE D S w4 (LB
600 3
500 25
400 2
E 300 %15
£ :
[ E
200 1
100 A 0.5 h
o Il 0 Il
0 1 2 3 4 & 6 7 8 9 0 3 4 5 6 v 8 9
time(s) time(s)
W 5-14 ~ fiokke 51 & w4 (2B 3 (- W)
: 2 12m/s(43.2km/h) 2. 4~ ik i dE e & T
3 3
uncontrolled uncontrolled
_____ proposed model ~~--- proposed model
2 2
i ;
1 1 'R
: : |
@ L
1 El 0
'
2 2
-3 -3 :
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time(s) time(s)
B15-15- ikt A ML e & P 0 A(ZRDEL AR
(5N

41



akx(m/s)

15

0.5

-0.5

-15
0

uncontrolled

proposed model

ToZooIIE=

Force(N)

time(s)

—,

proposed modeIFzr
~-=-=-~ proposed model_zf

++--e--- Uncontrolled zr

~-=e=-- uncontrolled zf

Bl 5-16 ~ BhET < MR £ 4o b ik A (2 FD&

T_(N-m)

gt~ 1 1 20mis(72kmih) 2. 4= i# W E B o

am(m/s)

Bl

time(s)

10

18000

16000

14000

12000

10000

8000

6000

4000

2000

il

time(s)

B 5-17 ~ #4751 8k 24 B(Z B 3 (- B)

%}

uncontrolled
proposed model

1 2 3
time(s)

B 5-18 ~ fift~ A Mg X LE i@ R

4

42

uncontrolled

| proposed model

am(m/s)
)

a2
il



2 6000 proposed model _zr
uncontrolled 2 .
5500 | ——.—m proposed model _zf
15 | F
5000 ++--e--- Uncontrolled zr
! 4500 || =+=s=-- uncontrolled zf
05 4000
Q Z 3500
E o 3
£ S 3000
w
05 2500 l \
1 2000 “
1500
15
1000
2 500
0 1 2 3 4 5 6 7 0 2 4 6 8 10
time(s) time(s)

1%
&)
oo
&
2
Wa
=
-@ .
"
=

Bl 5-19 ~ fikt~ A WE < 4w ek B (2 B &

10
700 5
45
600
4
500 a5
400 §
£ .
g, g ”
= 300 <
2
200 15
I I 1 I
100
Jl 05
0 : 0 ' J

0 1 2 3 4 5 6 7 0 1 2 S 4 5 6 7
time(s) time(s)

B 5-20 ~ g sl EFR =4 B(ZBDE F(+ B

2 6-1 wig AL rBREUED B R IENRE

st B Rawr | Raks | Ray Rakr | Rakf | Rak

o — 15m/s 0.6309 | 0.9715 | 0.4197 | 0.7849 | 1.2012 | 0.0310
Bae - 12m/s 0.4058 | 0.5572 | 0.2718 | 0.4057 | 0.6213 | 0.0241
Ba - 20m/s 0.8777 | 1.2700 | 0.4606 | 1.2405 | 1.5666 | 0.0293
o = 15m/s 0.5077 | 0.7291 | 0.3258 | 0.6475 | 0.8815 | 0.0261
iz
iz

2w = 12m/s 0.4214 | 0.5786 | 0.2822 | 0.4226 | 0.6471 | 0.0252
Lo = 20m/s 0.6866 | 0.9751 | 0.3617 | 0.9437 | 1.2019 | 0.0250

43



%06-2 WoE- ~2 T (SRR fop i

W S—

. Ra,’+Ra,’ . Ra, " +Ra,

Ratio f= [——— | Ratio_r= > >

B Raszu + Rakxu Rakzru + Ra'kxu
% — 15m/s | 0.8807 0.9647
o - 12m/s | 0.9971 1.4108
% — 20m/s | 0.8622 0.7988
. wm = 15m/s | 0.9056 0.9310
B.o = 12m/s | 0.9941 1.1981
g.wm = 20m/s | 0.8652 0.8220

d b2 AR E TR AR AT B A ME LI 4 P BRI e R T
LT~ 120 gk R de 0 b { B @ PR N B aR o { 3R e T @ ek
% 10~14%:0 FTom A B R 2 A5m/s 1 F B EC BT RES A B §

I e

52 R FRBER BT VR

Aol Eert R A 47 R R y
P OB AR R Y ER AR G i cu R R R 3 o R R
Pt~ - RIECRERE R F R R S ARG 0 B T R A
Hesrg R o

B - ~ N2 Bd Aol o 2 e 50m~150m B o mp kit g H oA TR G BB KD
A 1bm/s 2 B X0 B(FFER)RE I FERRES L ME R T EER
Bedh o U ERAE B2 BRI RRD I ARG KT EG

b

=1

B~ B #de b B g e S 20m/s o BoEEL ~ - 2 Bed 4oBed 7 0 Om~100m 5 A kR
HApG - o o B4 M L 1om/s 2 B h T L P Ed 4 pRg i
MEFE ST PO ZFHEG RS ERAD S A2 s B R T

A7 i 5 HoER T B4 4B i e 5 20m/s e

44



FI* ISO R F ML o T2 Wi R AR X2 BF THFE L 4 6-3~6-6 0 o {8 A
LR st-a"g&“ig%“‘%*vﬁx?:}”%]”—fﬁx 3 L%é‘l’
FAXGE AN I BRI AR ERE R T AR R LB PR S F Tl T

GRS L B o0 £ 6-3 657 WAarkdpd| Ba kMR Rk PF o H L

Sihg#s o md Bl 5-21~5-24 7 5 NP R ERG 2 WG L S oAy FRT
B  EOER R FRARG PP D R RS T AR R

A4l ® | 4 42 20N-m | 4 & 30N-m | + 4= 40N-m

5 S 2 2 2
+ A % 0.83m/s | £ 1.2m/s 4 1.64m/s
w k m B vt 10, 8807 0. 7735 0.6166 0.4784
{6 mEe vt | 0.9647 0. 6574 0.5491 0.4844
4= 7e (J) 31560 30635 F5ilgs 60496

18 20N-m

17 ===~ 30N-m

..... o+ 40N-m
16 —+=e=-= proposed controller

15 rmams P PETTSTTSIRVE R WY K, P.3 XN, e Aol [

Vx(m/s)
e
N W
."“‘-/'
= .'/I
‘S
SN

Y rd
(Y !
11 kN i
N I

10 S -’

9

8 ----------------------

7

Bl 5-21 fdg— 2 B g1

45



364 WA PBRAR

B0 fogs it

A HIE | 4 & 20N-m | 4 5 30N-m | # % 40N-m
Ey ¥ i3 4 0.86m/s? | 4 1.26m/s? | 4 1.9m/s’
i g @t |0, 8593 1.0747 1. 0337 0.9794
(s A Bdevt | 0. 7961 1.0293 0.9613 0.8788
A< 5t (J) 447713 31009 46061 61187
- 20N-m
22 =====30N-m
#9] I A N R B B S 40N-m
-------- proposed controller
20 tomipzi:
19 '.:‘\ /"I:.::
g " ‘\\\___ //;:,...
z 17 N — ’
16 ~
15 ......................
14
13
2 4 6 8 10 12 14 16
time(s)
Bl 5-22 fiHt N 2 Bk it
% 6-5 WEEA TSR B frdla
4 ® | 4 & 20N-m | # Z£ 30N-m | # 4 40N-m
£ X 2 2 2
AR 4083mis | % 1omis | 4 1.64mis
ik g # ot 0. 9056 0.7594 0. 6064 0.4610
fe i B davt 10,9310 0.6976 0.6009 0. 5490
#< 5% (J) 8432 30248 45208 60251

46




18

20N-m
17 -=e=-= 30N-m
I eeeeeess A0ON-m
M0 ~+=*=:= proposed controller
15 / 5 <
N / ;
141D ranyi
20\ / v
— AN ! &
QEEIEEAN 4 i
é ) \ \‘\ y / ',' s
¥ 12 S 7
3 \‘ 'l
1 N, s
ks N g
10 %
9
8

od
N |
iI=
=
=

l
/

| £
2 g —+=e=-= proposed controller
A\ ',' :.-'
19 3y FaF
N ¢ 7
Y 7
Q N / ;i
~ LY s
E 18 < \\ / :" H
X ) ) s
> N s 7
k! SoF
™ i
17 Y /- K
\‘—-—_./'
16
15
0 2 4 6 8 10 12

time(s)

B 524 Hd L 2 B @ 81

47



~

BB R PEF] L R e AR ECENTE X 0 FAR B \‘%ﬁ)jfuﬁ‘; 7 LES L 1‘4‘% mod p

Iy
Tﬁ

BEL e kF o 4vid b 15M/s P E B T’D i S R NS Sl RN R
Fenge ] » R AHHE - A FEFHFELETT T AR BLEDEE o @ JiL
ﬁ_’ﬁ,\\;j@ ?{a 3B L R R Izﬂblgz}}lﬁkg A Fo \%]%P—‘)’Iﬁq

1R LMEEA € Fla 5 At fid i e EEE2 Ao TR a;ﬁ-*‘




¥ > BwmBEAREY

6.1 &%
AR Y PT%ﬁﬁljggﬁf#_aﬁﬁljﬁiﬁi phe2 P ABR R {52 L8 EH B P

Fa BH AR eh BB H K SRR AL B et R BN H 5

st N CEIE S SRR S e TR ¥ S L TE SIS AR
Borig LA R o kP Y B AL bk ST fedhigie B A
%I F¢ 1% 3 Carsim H8 k R ¥ LnE R R # B2 Rk e @

TR AEFHRES o Dl gl ARFELMBFRTTERIFEE 0 pBRRIF
o d 7S

5.2 & M ar— MR A i A E G

6.2 A kB

Ak e 2T A MERt %

— I—}é] @:mﬁﬁw m%ﬁ‘é‘&:ﬁﬁ:x% i~ %J%ﬁ”%\mgfi

[

b RN IR Sy P S PR S B Y LR

KA A PR A FEr feiE B oo

W

CEAF AR R AR AR B R HC ke 2 0 £ T B AR (yam) & IR

(rol 1) b i@ b5 » B3k 2+ & Wil B RSB 5« A k7 1281 K k3t

49



ol se % 2 8 gRheal k fR kst B A -

PSR AP R FAL AR T MR YRS R AR A B
PG ESTRURLE g

T TR AW RS A AT RS ERAT AL K AP

g b B0 PR AN A hd B R RF RN AL 3 R LA et

PR BCR R T Rl BV A 2 A AL -




[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

242 Ry

M. A. S. Kamal, M. Mukai, J. Murata, et al., "Ecological Vehicle Control on
Roads With Up-Down Slopes,” Intelligent Transportation Systems, IEEE
Transactions on, vol. 12, pp. 783-794, 2011.

M. A. S. Kamal, M. Mukai, J. Murata, et al., "On board eco-driving system for
varying road-traffic environments using model predictive control,” in Control
Applications (CCA), 2010 IEEE International Conference on, 2010, pp.
1636-1641.

eCoMove Consortium, "eCoMove - Description of Work," Brussels,Belgium,
2010.

R. Krtolica and D. Hrovat, "Optimal active suspension control based on a
half-car model," in Decision and Control, 1990., Proceedings of the 29th IEEE
Conference on, 1990, pp. 2238-2243 vol 4.

W. Shing-Jen, C. Hsin-Han, C. Jiun-Hau, et al., "Optimal fuzzy control design
for half-car active suspension systems,” in Networking, Sensing and Control,
2004 IEEE International Conference on, 2004, pp. 583-588 Vol.1.

A. Alleyne, "Improved vehicle performance using combined suspension and
braking forces,"” in American Control Conference, 1995. Proceedings of the,
1995, pp. 1672-1676 vol.3.

CarSim Educational User Manual, Mechanical Simulation CorporationJanuary
2000

ISO 2631-1:1997, Mechanical vibration and shock - Evaluation of human
exposure to whole-body vibration - Part 1: General requirements

Lanckriet, G. R. G., N. Cristianini, P. Bartlett, L. E. Ghaoui, and M. I. Jordan.
“Learning the kernel matrix with semidefinite programming.” The Journal of
Machine Learning Research 5 (2004): 29.

[10] Frank Callier and Charles Desoer,Linear System Theory Low Priced Edition

New York: Springer 1990

[11] Orfanidis, S.J.,_Optimum Signal Processing. An Introduction. 2nd Edition,

Prentice-Hall, Englewood Cliffs, NJ, 1996.

[12] Golub, G. H. and C. F. Van Loan,”Matrix Computations”, Johns Hopkins

University Press, Baltimore, 1989, pp. 557-558.

[13] J.J.E Slotine and W.Li,Applied Nonlinear Control,Englewood Cliffs,NJ:Prentice

Hall,1991.

[14] Kemin Zhou, ESSENTIALS OF ROBUST CONTROL ,New Jersey: Prentice

Hall,1998.

51



