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SUMMARY OF Ph.D. DISSERTATION

Automotive performance has improved from a demand for riding comfort and driving stability.
Many research have proposed various control system design methods for active and semi-active
suspension systems. In recent year, research on dynamics of human body and vehicle dynamics are
actively done. However, there are few research about a suspension control method considering those
characteristics.

A purpose of this study is to establish a design method of control system considering dynamics of
human body and vehicle dynamics at different vehicle speed for the vehicle suspension. The dynamics of
human body means response of seated human due to vibration in seated position. The vehicle dynamics
means vertical and lateral motion of the vehicle due to road input. First of all, to consider the dynamics of
human body, seated position and vertical motion of the vehicle, “Passenger Control” is proposed. Second,
the design method of control system which considers lateral motion of the vehicle due to change of tire
side-force is proposed. In addition, the control system considers the characteristic of vehicle motions
change depending on the vehicle speed is proposed. Those control performances are verified by some
numerical simulations.

The contents of this dissertation are summarized as follows.

Chapter 1 describes the background and the purpose of this study.

In chapter 2, a vehicle and passenger model including the dynamics of human body at seated position
is constructed. The disturbance accommodating H,, control which considers both dynamics of human body
and power spectral density of road disturbance is proposed. In order to verify the effectiveness of the
proposed control system, the numerical simulations are carried out by using a full vehicle model. From
numerical simulation, it was confirmed that in nearly the resonance frequency of a passenger’s head, the
proposed control system is effective in reducing a passenger's vibration better than the general control
system.

In chapter 3, the control system for the active suspension designed in Chapter 2 is applied to a semi
active suspension. In order to control the jerk which is generated by changing of a damping coefficient
rapidly, the robust controller is designed based on Lissajous figure of damping force. From numerical
simulation, it was confirmed that the proposed control system reduces the jerk better than general control
system.

In chapter 4, to consider suspension characteristic, which is change of tire side force caused by
suspension stroke and tire side-force, a vehicle model including lateral motion is constructed. The
disturbance accommodating H,, control which considers the vehicle model, and sets the lateral acceleration
of the vehicle to one of controlled outputs is proposed. From numerical simulation, it was confirmed that
the proposed control system is effective for reducing the lateral motion of the vehicle due to antiphase road
disturbance.

In chapter 5, the vehicle model in chapter 4 is defined as the linear parameter varying system taking
amount of vehicle speed. The gain-scheduling controller based on the linear matrix inequalities which sets
the vertical and lateral acceleration of the vehicle to one of controlled outputs is proposed. From the
numerical simulation, the proposed gain-scheduling controller can reduce the vertical and lateral motions
caused by road disturbance at a different vehicle speed better than a normal H,, controller.

Chapter 6 is the conclusion of this dissertation.
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Nomenclature

Symbol Definition Units Symbol Definition Units
M f
M, (VZ;Sic(;e sg:;;l)g kg my Mass of passenger’s head kg
M f
M, (T?rses ;n dusvsﬁ);lgg kg my, Mass of passenger’s body kg
Moment of Inertia of 2 I Moment of Inertia of )
1 . . kg m hr ) . kg m
vehicle rolling passenger’s head (Rolling)
Moment of Inertia of 5 Moment of Inertia of )
I . . . kgm ]hp s . . kg m
p vehicle pitching passenger’s head (Pitching)
; Mot.nent of I.nertia of kem? ki(i=1,3,4,6) Each stiff.ness in passenger N/m
y vehicle yawing model (Fig. 2.2)
Stiffness of Suspension . Each damping in passenger
N Cpi\l = 19 39 49 6 N
K (Front, Rear) /m i ) model (Fig. 2.2) s
Damping of Suspension L Each stiffness in passenger
N/ k i (L = 29 5 N
Crr (Front, Rear) ms i ) model (Fig. 2.2) m/rad
. Each damping in passenger
T, Tread (Front, Rear) m i (i=2,5) model (Filg). 2g'2) p & Nm/rad/s
. . . Each dist i
g Acceleration of gravity m%/s ri(i=1,-+-,5) m?)cdel z;?;c;; passenget m
Longitudinal displacement
H, Rolling moment arm m xi(i=1,2) of seated position m
(Passenger 1, 2)
Lateral displacement
H, Pitching moment arm m vpi(i=1,2) of seated position m
(Passenger 1, 2)
Distance from to CoG. of Vertical displacement
Ly, vehicle to each axis m zi(i=1,2) of seated position m
' (Front, Rear) (Passenger 1, 2)
Longitudinal ~ displacement
L Wheelbase m xpi(i=1,2) of passenger’s body m
(Passenger 1, 2)
. . Lateral displ t
Actuating force of active (i=1,2) atera’ ¢ISp 'ilcemen
F(i=1,",4) suspension (Each wheel) N Ybi 5 of passenger’s body m
(Passenger 1, 2)
Damping force of Vertical displacement
Fu(i=1,",4) semi-active suspension N zi(i=1,2) of passenger’s body m
(Each wheel) (Passenger 1, 2)
Longitudinal displ. t
Actuator force command =1.2 ongrtucina , 1splacemen
Fli(i=1,",4) (Each wheel, Fig. 3.3) N wi(i=1,2) of passenger’s head m
e (Passenger 1, 2)
Lateral displacement
f Body roll angle rad yi(i=1,2) of passenger’s head m
(Passenger 1, 2)
Vertical displacement
q Body yaw angle rad zu(i=1,2) of passenger’s head m
(Passenger 1, 2)
. . Roll angle
2z ((=1,,4) ?/e;(tllc(:zlad;lssi;celll)lent of m Ip(i=1,2) of passenger’s head rad
© ¢ ° (Passenger 1, 2)
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Symbol Definition Units Symbol Definition Units
. . Pitch angle
zi(i=1,,4) ngpl:jrllgl(slgalli;e:vl;:etl;f m @i (i=1,2) of passenger’s head rad
(Passenger 1, 2)
zi(i=1,"",4) Suspension stroke . a;(i=1,2) Tire slip angle ad
* T (Each wheel) (Each tire, Appendix B)
zy(i=1,,4) | Tire deformation m b Slip angle (Vehicle) rad
(Each wheel) pang
Distance from to CoG. of
pri (i=1,-+,4) | vehicle to each seat position m g Yaw rate (Vehicle) rad/s
(Longitudinal direction)
Distance from to CoG. of
pyi(i=1,+1,4) | vehicle to each seat position m v Vehicle speed m/s
(Lateral direction)
Distance from to CoG. of Cornerine stiffi
p-(i=1,",4) | vehicle to each seat position m Kep, Ofnering stHness N/rad
. o (Front, Rear)
(Vertical direction)
. Tire side force Stroke steer coefficient
Fi=149) (Each wheel) N R (Front,Rear) rad/m
heg VHee}ii};te (l))f;) i;)G. of m Kstpr g:(;r;lrﬂli;ne:er)steer coefficient rad/N
Iy, geri(;grit oRfe :;;1 center m Ky z?rts:jl }s{l;pgnsion stiffness /N
& Latera} acceleration of CoG. /2 P Time lag of front to .
of vehicle body rear wheel
Fec Lateral acceleration of roll /2

center of vehicle body
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(a) Front suspension (b) Rear suspension

Fig. 1.1 Suspension”
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Fig. 1.2 Classification of ride comfort®
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Controlled suspension

Rotary type |

—| Electro-Rheological fluid |

Hydraulic

—| Magnetic-Rheological fluid |

Fig. 1.3 Classification of controlled suspension
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ecec © 0
Solenoid coil not y L
headed SOIE:;)(E(;OI]
E' @ Particle
(a) Active suspension (b) Semi-active suspension
(Electrical motor type, Bose K. K.)"" (Magnetic-Rheological fluid type, Audi AG.)"?

Fig. 1.4 Controlled suspension device
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Gain [dB m/s?/m]
Gain [dB m/s?/m]

Frequency [Hz] Frequency [Hz]
(a) Conventional suspension (b) Skyhook control
Fig. 1.5 Frequency response from road displacement to vertical acceleration of vehicle body
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Side view Rear view
Fig. 2.1 Vehicle model
Table 2.1 Specification of vehicle model
Symbol Value Symbol Value

M, 1900 kg L 134 | m
M, 50 kg L, 146 | m
I, 600 | kgm’ T, 153 | m
I, 3000 | kgm’ T, 1.50 [ m
K; 33x10° | N/m H, 045 | m
K, 31X10° | N/m H, 0.53 | m
K, 260%10° | N/m | p.(i=12) 0.04 | m
Cr 300 | N/m/s | p.(i=3,4) 097 | m
C, 300 | N/m/s Dyi 04| m

pi(i=12) |-0.045| m

p.(i=34) | 0015 m

2= 2+ (TF)2 Lya- 2,
227 Zeg (Tff>/2_ Lea=z,,
25 = 2t (LF)[2+ Loa- 2,5
24 = 2o~ (T1)2+ L~ z,4
z; =z, z,;(i= LL ,4)

1

(2.2)

U boBEmBET VL, N2IHOREBHEATRRT S, HIEHRREHI AW D BE OB &I,
21D LS5 S TRTHARD Y A3 g VIRV AT ALEIZ IS 418 AT O B LR J5 10 O IIE A
EMHEE oI LV EEFNTE S & L, fEATNIEIwROT 77 4 7Y A0S L 72 54N T4
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mb@: kp3 (Zp_ Zb)+ cp3 (ﬁﬁ_ £E>_ ?Epl(zb_ Zh)+ cpl (ﬁg_ ﬁfz) + <_ cp2§1§_ kp2qh>/r3
mhgg: mh%-l- <_ Cp2§1§_ kp2qh>/r2
m, & = my, & - (‘ Cp6]&h B kpéfh>/rl
my, & = kpl (Zb_ Zh)+ Cpl1 (ﬁﬁ_ ﬁﬁ)_ <_ széﬁ‘ kp2qh>/r3
1, £ = _Cpﬂ&h_ kyafn+ my &y

”
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EREEEAONEREE, MINEEE CHEET 5 &, ZiioER) HREAE, ke s.

(2.4)
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Table 2.2  Earlier study of seated human model®®®

Tamaoki-Yoshimura Nakai-Yoshimura
1SO-5982%)
model®® model®?
Image T Zi T Zi z
= c L& r‘k_‘é‘f_, o x
) = o (X - |'(1 h) p::\"z:::re
= m : Rotational spring
o _ s} %%&I Je Jes %% s - Rotational damper
€: £ e Thoracic
x my :_:- . . curvature(12) Revolute joint
_ 2 M= M=y
2 HLJ g == <
k= . = il
= = IE@J;.{E’@I[JI@%@I :
Slde View Front View 7
Simplicity © 0] x
Accuracy X A O

Forward ; '

i)
<3
('3
B3
o
S]
oy
ﬁ:ﬁ
R
_AAA
"BN

Ps: Y X, Ps
BEE S = R
Front view Side view

Fig. 2.2 Passenger model
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my &= ks (Zp_ z)* p3 (ﬁx‘f )- ?E‘m (= z)* (& &)+ (- cngﬁ_ kp2qh>/r3
= (ol kpna,)fr
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= = o= kot ) it mu Bh,s (= )% 20,5 (8= 8%)- C el = kol
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%%=*%ﬁ*%ﬁﬂwwmgﬁﬂw*n%l%ﬂﬁfﬁffwmﬁfhﬁﬂﬁ
L= = epothi= kypay = W Gym 20+ ¢ (8- 8D
= myrs Ty (o= 3, )+ 20,0 (8- §)+ C e, kg, )

(2.5)

m,

ZZC, My, = omytomy, My, =
my, + m,

ok, EEEMOELEOFIERB L ORI M OMEE X, RESomEs L OET, EEHBoE Y
FEBIOr— L OKMFH RGN ORIV ERL TS

&= &+ g;f/rz
&= 8- By

UEoREET VT, RQ7)OKREHFEA TR T 5. 248k LO32i0MHI R TIL, RE
DEMEBI LT 4 — RNy 7350 TIERLS, REOEBHZHHED —IZ LHIERZ1T .
¥, RQIDFD, Ay, By DFFMIT R A2ITFEHT 5.

X = A, + Byw,
Xp = [be’bethh a% 5% %8 A 51 HR? (2.7)
Wy = pypZ }& ﬁi;

FEETNDOENT A—=2F, RABHEOFELLOKRET —% 7 806 my,=45kg, my=17.5 kg,
Ine = 83X10%kgm’, I, = 5.5X 107 kgmzk L, 23, B4R AT CRENTZERT —
2 ERETNVOMAN—ET 5 LI, R23TFRT LR, XU "BLIORESOMEFTE L.
TANE, BEEETADEWVISEIZR ST, MAIICELTEERE TOTAREEL TVD
B ONAORE 2@ DI121E, ETNVE LD ERICTHOLERH Y, RFEEET VEHNTE
B LR ORI ERICIe > TLE S . KX CTIEREHETO LT HmoORE 2 i+ 25 2 &
EEICEZ, E T HROFEIIHE TE TCWAIAEEET L EHWT, HlEREFTEZ1TH.

(2.6)
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Fig. 2.3 Transfer function from seat to head (Translational motion, dot: Experiment®”, Line: Model)
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Fig. 2.4 Transfer function from seat to head (Rotational motion, dot: Experiment®, Line: Model)
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Table 2.3  Specification of passenger model

i ki [N/m] | ¢, [N/m/s] ryi[m]
1 40000 2000 0.1
2 15%! 0.9% 0.1
3 96000 1120 0.05
4 22500 600 0.2
5 2000 400 0.3
6 20%*! 1.2% 0.3
*1.Nm/rad, **:Nm/rad/s

Passenger 2  Passenger 1

Front view

223 HEW—FEETIL

Passenger 1

Passenger 3

Zn1
o Ly
X
P

Zp1

1.

N &

Side view

Fig. 2.5 Vehicle-passenger model

7 N

AFmICTI, Aol (BT E2HEE) (CEETHIREOBE (KA KB T 5720, 22.1HTHR
L7-EHEET V222 C/R LEREBET VA ARG ICEE L, K258 THE—RFREETT VA2
R D, B, BROFEY I 2L —2a BV, 2AFRELZET VB WO CEEFHHE %2
1792, BB BRI BN TRIL OREDE T /L2 JAW TV D . EJFEGLE D 15 P DI HEEE) x,1, v,
2 EBRELD BTz, 7=V, o F OIZIITROBENRH Y, BHOEENZ L DFEDEE
AEOWHEEB ZEH L, ZOANCH L TREOEBXZRDL I ENTEXS.

xpl = (Hp + plz>q
v = = (H, + p)f

Zpl = ch + plyf_ P1xd
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ZZT, Bl EEETNOESHFENAICLY, il -FEETTLORESEXEERT S, H
H—FEETLVOREELZRXQINDLIICERT D &, HlI—REBET LVOREHFERNZL, X(2.10)
DOLEBYVIMTED, Hilj L REMTIERT DX, EROEEICHT DR OEENTD DT/
SNZ EMLREDEEPHEMOFEHA~RITTEE TRV DL Lz, ok, XQIODHZT u
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PRI R D

=
H

g th]T (2.9)

T Bywt Bou

_ T 26
Xp = [ ulZuZZu3Zu4chf q&ulﬁézﬁ%&u4£ég1&‘§be1J’blzb12hfh1 thfgblfgfalﬁélﬁhf&hl 5;51] AR

xp*

%

w=[2,12,22,37,4] (2.10)
u= [RBEF]

_ @%v Ol4l12 B = /?\'%vl B.= /'.3\'%\/2

= , e =
b 'Avh Ah ’

2
I)12;4 I)12I4

2.3 Hl{EERR
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2.3.1.1 H %R E KL eenaeasy
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WHILTWD. [X2.60D G, HofilENZ BT 5 —{b7 7> FTH Y, GBI 5 A J1BEM%RIX
WD ELBY THD.

{Z}—G {W}_{Gu(s) Glz(S)MW}

= (S) =

y u Gyi(s) Gp(s)]|lu (2.11)
zeR”,yeR”2, weR™,ueR™
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TWEEZRT. R, w FHEAL L, y IFBBELITH Y, hth, fllegroolB LD
ANERDBENOODHNBIOAN LR LETHS. Gi)E, HAMBEMEIZL T, IFLT T
M X OVEHKBEAL ORI, —b7 7 MIxf LT, fililgs Kis)z AW TR OHIEA
NERMNT, 74— Ry 7 Hili A4

u=K(s)y (2.12)
iz, NQR.12)ZXQIDIRAL, wnb z FTOMLREREERD L &, kAL s,
Z:sz(s)w
(2.13)

G, (5) = Gy () + Gy (5)K () (I = Gy ()K(5)) ' Gy (s)
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Plant
w V4
—» —
G(s)
u K(s) | y
Controller
Fig. 2.6 Generalized Plant
Gaina Im
A
G (5) [l /‘
\ J Re
» || sz (S) ||oo
Frequency
(a) Bode plot (b) Nyquist plot

Fig. 2.7 H, norm of G,,(s)

HE A AL, SMEBATT wilkf L CHlEE z 272 2 XM S<I|MA D T ETH Y, HAMEIT, (nZ
B Go(s)D Hoo / Vv B /N EL T 5 HliHER K@) Xat T2 FIETH D, LERIERE G D H
SV LGl & EFE, WATERT .

Gy = Ofugoog{sz(jw)} (2.14)

¥rlZ, Gow O)DIAHTIZRORE, K(2.14)13,

G|, = max G, (jo) (2.15)

<t <o0

ER2D, BRIIZBWTAR— RO ZF A > O KM, & L<IER7 MVERK OS> S O D &
KEIZELL 2D,

PlbEod & T, HAEEIIKRDO LS ICTEFRTE 5.

EH2.1 (M. HIE )
260)4}%&457"?“/ ]\ G(S)G:;(‘j‘ L"C’ u = K(S) y DT 4 — F/*‘V?FEIHEIHCJ: D ’ F?l,ll‘j/l/‘—‘7o%75_’|j§]
HMEZTEL, oG zbnEyIZx LT,

G|, <7 (2.16)

it 729 K(9) &R 5.
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T, b7 T b Ge)IERQAT)TRIT 5 Z &R TE, H(2.17)% Doyle DELiELE HWT,
NQR.18)D LBV Ftik T 5.
X=Ax+Bw+ Byu
z=Cx+D;jw+Dj,u (2-17)
y=Cyx+Dyyw+ Dyyu

- Gi(s) Ga(s) _
G(s).—[Gzl(S) Gzz(S)}_ G | Dy Dy

(2.18)

AeR™

ZoLE, UTOMRED T TO HAEHRFBEIL, FRUE H AN & T 5.

&E1
Al-1 (4, B)IIFIERE, (Co, Al AR
Al1-2 DplIftE 7 /v 7 o 7 (rank D1y = my)
Al1-3 Dy lIKER 7V 7 > 7 (rank Da; = p2)
Al-4 Go()FEih LICAREFR L bRy, bbb

(A7 By 2.19
ran C. D,y =n+m,,Vo (2.19)
Al-5  Gu(s)l3fEdh EICAREFESE L7220, T7472bb

A-jol B
ranl{ J n 1

= ,V )

A1-6 Dzz - 0

2.3.1.2 1ZHE [ HEEEo B oo~0e

H g ORI, U by FHRRCE S L, Uy FARERICHE S T, LMLIZHES
SFEREZLOFHENMLNTWDEN, ZZTEY Iy FHERIZE S Glover 35 X T Doyle
OFREINID 2 ST, mR B,

RE A1-2, AL3REE VIO E X, zwAHEHRLT,

0
(p1—my)*m
D12 :|: 11 22 :|’ D21 = |:0P2><(ml—172) 1P2:| (221)

D1 Dy
Dy, :{

Dy € R(pl_mZ)X(ml_pZ)’ Dy € R™"P2

EREITE D, SbiZ, UToISzE®£T 5.

(2.22)
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— — Cl — i Dy,
B:=[B, B,|, C:= o | D, =[D,, Dyl, D=

2

2 5 (2.23)
I 0 - 1 0

R:= DerDlr _[7 B :|» R:= chDICT _[}/ h ]
0 Oy,

INHEMHEST, DXD20MNIN N TR ERTSH.

4 0 B
Hy=| N R’l[DerCI B’ }
¢, -A"|'|¢ D,

2.24
A0 G r .
Hy=| *, S [BIDIC C}
_Bl Bl -4 Bl ch
ZZT, RQHYDOMREY H v FHBEXNAETHL EIRNEL, TOff%E
Xo =Ric(Hy), Y, :=Ric(Hy) (2.25)
EBL. ERERAWESA AT ERAD LS ICEERT .
Fy
F,=|F,|=-R"'(D,C,+B"X..), H,=[H,, H, H,]=-(BD, +Y.C"|R"
1 ];22 ( e Gt ) I [ 11 12 2] (1 e T+ ) (2.26)

F11 c R(ml*pz)x'l’Fiz c RPzX”’FZ c Rmzx’l’ Hll c R”X(P1*”2)3H12 c R”X’nz’[_]2 e R™P2

LLEDOHEGD TS, 1RYE HAIEREOME, UTOEHRTEZ bND.

FBE 1 (K H MR O 7)1

KQRAIDNBLTVQRANTE 2 D HIEZED, RE Al-17>5 Al-6% 7= LT\ 50, FEuE [ 4
REMN AR, T 7205, ||Ga(S)|<y Z 7= T NI L ELMitE RS K()DIFET D T2 DA 544
I, RO HODENETHA.

1. Bxbnizylzx LT, RAALNT.

max(o[Dyy Dunlie[Din Dunl)<r (2.27)
2. RQ25)&ETMTT Xo=0, Yo=0BNFEEL, pXlo)<y’ Ziil=d.
(Z 20, p( NEEKREAREZEKT)

FEHR O ARG 2 7= 90, Ho I8 Ke)HEE D Qe RHL, o], <7 2T, %kto &
INZEIT D
K(s) = F; (K,(s),0(5))
£.6) :{Km(s) Km(s)} _ {1 z? (2.28)
Ky () Ky (s) C|D
Z I T, Fi( HIE RS2 # (Lower Linear Fractional Transformation : LLFT) Z &ML, K(s)
e/ = WA
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K(5) = Koy ()4 Ky () (1 = O()K s () Q()K o (5) (2.29)
L
A= +H,C+l§21512_16‘1
B:[ ]:[_H2+32D12 D, (32+H12)DA12J
{ ] [FZZ+D11b21_lC2]
) Dy (G +Fy)Z
A_[D” Dy ]
Dy 0, (2.30)

-1
N - T(, 2 T
Dyy = =Dy1p1 Dy (7 Ly, = DyniDin ) Dyy1p =Dy
A AT 2 T
Dy Dy, ':Imz_D1121(7 Loy —p, = DriintPin ) Dyip
-1
AT T( 2 T
Dy Dy =1, =Dyyp5 (7 Ly iy = DD ) Dy,

Z:=(1, -7V Xeo )71

2.3.1.3 JEEE o HlEHIIOEH
ARIETIE, RBRLORE Al-6D3 72 SR WEE OFEEERE HofilfHlgs OB 2R3, Dn# 0D,
EEH2.UT L7 T v 2R E L T2 2 EITH%ST 5.
G(s)=G * 0P1><"'1 0 731
(=G - " (2.31)
ZIT, Go)TAENE HIERIEIC T 52— I T T 2 b, G ()it Dn#0E LI-8iE O IHEYE H,
HIEREICBT S b7 o7 FTHDH. ZOHNV— T mEREIT

F, (G (9).K(9))
=G(8)+ G (5)K(s) (I -Gy (9)K(s)+ DZZK(S))_I G, (s)

= Gy\(5)+ G (YK (s) (1 + DK (5)) " {1 — Gy (5)K(5)(1 + DK (s)) }_1 Gy (5) 232)
-F, (G* (). K(s)(1+ DZZK(S))_I)
L%, FThib, DnF0DRED HAHEE K ()L T5E, Q22815
K" (s):= K(s)(I+ DyK(s)) " (2.33)
LRoONBE. L, EREY K()ZEHT 510
det(1,,, + Dy, Dy ) # 0 (2.34)

IS SLOMEEDR DY, DD HoilEERIT T &7 5.
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K ()= F, (K, (.06))
(2.35)

. A-BMD,C | BM

K, (s)=
e | pm
L
-1 Ano Tl

M i=(1, . +DpD) . Mi=(1,., +DDy)
5 {Dzz 0 } (236)

22 =

0 Om2><p2

23.2 SELBEHIE

AELIZEET D IHHR N 2L 2 WAL, AMLOX A F I 7 ZABIRET HITHT= > THEMES & [R5
LD ERERISDEER. LLHOLDLLDAEDOX A FI 7 A EFREREL, HlEctsE
THEPRE L, HIESRERET D2 LI XV HEERER EAFETHL I ENRINTND
aenassHuen - @I IV HNTWA FEE UL, AELOBEEGENAZRE L, +OEEEiEEIC
BWTIENRY =AY M AGHEE L R%, —FHZ BRI TlL, £DONRT—Z7 [
EINSWHDEEET D FIENHWLNLAHAENSZ V. VAT AfilHEROH & 2 AT
Y 2R RE S E - RREN Y ML E W TE ORISR EZRBLL, T bBMOREES - %w«
7 MV E ISR G OIRFER T h L E PRI IER S AT DB T D Z LN A[RECTH B
K LITBWT, EETHHETH 58I, ISO THHEEILSN T X 91, K2.8I1TRT
PSD ##ECTH Y, Wﬁﬁﬁﬁﬁ%ﬁﬁ’ﬁéi&mDﬂﬁT¢6ﬁ@§%ofw5% N
BT, 42084 Y NH AN ENDBEHENELET V&L FOIREZEREHR TEINDL LA T3
J A FFOfFESNEL EARE LTz,
{xm‘ = Ayixg + Bywg,

2.
w;, = Cdixdi (l = 1," ,4) ( 37)

TIT, WalERSMICHE S BEME THD. T AKmILTIE, DL A FI 7 A& TFToRr
—NARETRSND D LTS,

-1 1 0 0
Adi = 0 0 1 s Bdi =
2.38
0 "05 28,0, ‘05 ( )

Ca=[l 0 0] (=14

IR ET L L E2EOHRIENRET L ThHrHEB—REBET /L (K(2.10) DILKZEZED.
RQINTHKHOBEAELET L TH Y, 4igDRImIELET L E2RQR3I3NDEBVEFRT D &, Bil
ELET L &R ST T L OIERRIE, Q40 ELND.

[.r_r_r7. 1" _ T
Xg = xdl xdz .xd3 xd4 5 V—[V1V2V3V4]

Z—I:ZZZZ]

(2.39)
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i Thpaved rc;ad

| N i H

Belgian block road

NS

aved road

H
=

>,
.
o
;

:

LA

—_
=
—

Power Spectrical Dengity [m?/cycle]

101 feemees
Ay EEETYE — T
Spatial Frequency [cycle/m]
Fig. 2.8 PSD of road surface"””
v, (¢t 4, B,C t B 0
)f‘-p( ) _ y pl~d xp( ) 4 p2 u(t)+ V(t) (240)
x;(1) 0 Ay xy(1) 0 B,

4y, Bp) MALZETHNIE, ZOWKRIIATLELRY, UTOREHEANRNEGEONS. =
D & X EmE R,

0f x r
J:E{[xp de|:§ 0}|:x:}+u Ru} (2.41)

LET, ThaioMbd 2 @G A Ix
u(t)=-R"B,," Bx,(t)-R"'B,," Byx, (1) (2.42)

LERIND. FL, B, BlILL T O Riccati FRER DO —EIEEM T 51217,
PyA,+ A4, By -RB,R"'B,, B +0=0

, or (2.43)
BB, Cy+ P4, +4, Ry —R B ,R" B R, =0

XA LI B X O ITHELOFRHEIZIEEIRIC 7 4 — RNy I A NIREINDDITXT L
T, 74— R7 T — RZFA NINELOEEICIE U TIRESND.

233 SELEE H HH

AELAGHIEIC BN T, RET DINELET L & B DIENB AT ENTHE1T, AL~ L% T
DS L RFES o 72 EEHERIC B O USE L A_AREAT S Z RIS TR, it T#
DOJEWEHER COrNA MEF B ESEA 2 L RUETHS DT, (ELIEANNELICEB W THML
LU /NS & e LT B B 2 AN ELE TV Ll S AT ADOIERBZBERDO RN S & 2
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. __GemeralplantG(s) __________________
el W, v,
| Wa(s) - P(s) | W () [

i Disturbance Frequency i
. model | ________Plnt ________| ______ weight__ |
u K(s) |« Yy
Controller

Fig. 2.9 Generalized plant

L, BAAR MBENZ X > TEOBEBICHB W TR L 32 2 & 28 2 2 F 7o ARG TIFSMEL
%@%Wztwﬂﬁi’ﬂbfﬂﬁﬁﬁﬁ%%mé ENZ K o THMLIERIEZ1T 5. £ TK

[ZRWTIE, AMELMESIE & v S 2 S 2 [FRpC R 9 SVEL e HefilE 2 BB T 7 7
7% 2 DO CLH@?LE)

Ho AR I W T — B b7 7 > FORREHZ L - T, AL w okt L CHIlEE z O Ho ) V2%
W¢L¢5%ﬁ@ REEMT L LML RS, 22T, BRITTRT RIS T MW T,
FIEHRET IV P(s), SMELET IV Was), SHIEHE~DFEERIE W ()2 RAUTRT LB 0 &G
5.

x, =A,x, + B, w+B,u
Qp z,= Cplxp +Dp11w+Dp12u (2.44)
Vp =Cp2xp +DP21w+Dp22u
{xd =A4;x, +Bdwg
d

ZIZT, WlIERSHICHS HEaME Th 5.

X, =A%, + Bz,
QW Zg = waw + DW“ZP (2.46)

22T, EREANT, BT T M, RO XS ICRRT 52 LN TES.
Xg = AgXg + Byyw, + Byou
O, 125 = Cq1Xg + Dyy Wy + Dy
Vg =CygaXy +Dgy Wy + Dyl

T
xg:|:xp Xd xw] 9yg:yp

4, B,C, 0 B,D, B, (2.47)
4,=| 0 A, 0 [,By=| B, |Bp=| 0
Bwlcpl BwlellCd Aw BwlellDd Bwle12

Cgl = [lelcpl lelequ Cw:|ﬂDgll = lelellDd’Dgu = lele12

= sz DpZICd O]’Dg21=Dp21Dd’Dg22=Dp22
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ANEL we lZxt U CHilfE & 2, D Ho / IV 1% fie/ NS T D IR D Hofill il g5 2 2.2 15 Tk _ 7= FIEIC L - C,
BT 5.

{xk = Ak.xk +Bkyp

2.4
u= Ckxk ( 8)

24 HIERERET
241 SELBE H-HI#HZE RV HIEREE

TIT 4T RAERANT, REORBZEHERIE 5, HillB LORE AL HERET v
&L, BmEMMOREE BT D AMNLEE T & HIE ISR T 2 E R 2179 H BRI

BT ORAREMEAEA L, LLUTISARHE R O BARM 7235 55 E2 R~ T . HAilHds SR Lic—
b7 7> FRK210CTH 5. HELIE, BEENE L, HIEEE, FETT/LVOIEET L FNEE,
HARD ETEE, KO XA VYEN, FWMORBEHITHY, HAEERXFEEROE X A YLED E
THIEEICRT LT 4 — R 7 2470, FEaDT 77 4 7Y ZADOHE ) Z2HIT 5. HflEg
ANTIAM R TH 5.

F9, SELEEHIE T 2 B AMELIZ KT 2 JE I E AL, —EOE I E THELDRT — A~
7 MNVEENRT Z v NrRsEA L, %MULTiﬁTT5%®&LT 1 — S 2B DR R K
EATHORIE 7 A NVFICL o TEBRSNLIAEMHE LIREL, KATRT LB THD.

Xgi = AgiXgi + BgiWe;
Ca {Wi = CyiXqj (i=1--,4)
(2.49)

2
wi(s) g

ng(s) S2 +2§dwds+wd2

TIT, wald—RIET TV MZBWT, A A XL LTAN SO BMOBEENTHY, w
T 77 FNOEWET MZHEG ) A X LTAN SN MmO BEEN, xalIFIMNELET IV
DEHORERETHS. £72, o, =50X27x, & =0.706% L7-.

HE BT 2 & B B E A IR A TR TR BT R RS L ORI T 5.

Q i = AWl'le +Bwt12p[
" Zg = Cyx,; + D

wi”wi wzllzpi

(=l9 (2.50)
Zgi( ) .

Zpi(s) -k W(S)

ZIT, HEi—FAETTANLOH N INDHIEEL, i = 120 5JEICEETT VL OEE E A
FE, BRO LT, Ko A YEN, FOBEHIITHY, 2032 51Tk L TR EE A
IR LT R L D, x| TEREAOKREETH D, HEEERLT, 71 KB X O E
Bk Wis) TRtk U, LA, K ZJEMEERT A ) Wis) & JBIRBER LV D . HIlEE O E A
1%, X2.121278F 1SO THIMAL STV 2 S a2 B & 2, BEES I 05sE B 1388 o0 3LHR A+
TTHH6 HZ |IZE—27 2 b OREB OB & 2 M2 7288580 L FAEEIZ )T 5 EAx Wis)&Z iR E L,
(XA BRI CBE U IR CHEE OB X 2 X D EH Was), XA YEMITITRTHIEICL D%
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e Generalizedplant _______________
. -~
Disturb(ailceR I/dl," """ N 1 """""" |
w(f) = B T < C:
£ i gy I dl Controlled
H ] 1
; | 4 : values
Road disturbance model- ---d-------;'.- ’ Zg(t)
l
I
! for controlled values
: e > C '
| : 2! |
E |
| Vehicle-passenger L 4 |« !
! model p ’I

R (S ———

Measured outputs

Inputs x,(t)=Ax,(t)+ B, y(1) (Vertical acceleration
(Force) N of sprung)
u(f) u(t) = C,x,. (1) yg(t)

Controller

Fig. 2.10 Generalized plant for “Passenger Control”

1.2

in (s)
. :(Vertical ilc_celer
08F-Wy(s) — -—--4-
(Vertical Velocity
0.6 of Sprung)
04F---+---
02p---+---
10" 10" 10’ 10°
Frequency [Hz]
Fig. 2.11 Frequency weights for controlled value
10
5
0
g N
/
Z -10 /
o /
s -15 / \
/ \
20 /
25
ot 10° 10! 102

Frequency [Hz]

Fig. 2.12 Sensitivity curve of vertical vibration (ISO-2631)""
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A Y OB EAE 2R D ES Wis), mJE TORIAN ZIMZ 5 X HETNTEHAR Wals) & £
FTHRELTW5.

FTo, RBEFEE OO D, HIfHELZ I E INEE O D O I IZHERE.LO B RINEE &
9% H il EOE (Vehicle CoG Control) , 8 O FEJENE O L FINBEE & 35 25 BN E 4 (Seat
Position Control) @ H.filffligs & FARIZERET L, REICTREFIEL OLKEIT Y. 7ok, HEEE
Tr Wi(s), Wa(s), Wi(s), Wa(s), Kuwr =400, K,3=15000, Kyu=131%, IBEFEL2O0OHBTFEONTR
WCBWTHREBEOME AW TWA. Kald, WHETRET.

PEICEY, Hl—FEET /L, BEILET L, BEEERMI L > THERIND L7 7
MIRA L2 D.

Xg = AgXg + BoyW, + Bgou
Zg = Cgl.xg +Dg11Wg +Dg12u (2.51)

Ve =Cgrx, +Dg22u

ZIT, B b NE 1T, BESHTOSHIEY AN v g VoW THIEL b T
WAHHARD X A YETOETIEE LTS, 20, L TH L EEMNEFEEE L 20
B, yeD welZX T HHIIEr & 720, 231 1E TR HMEIZE T 2HEL Al-38 LN AL-6)3
Wil Shewv. 22T, KQSDERAOEBY, EEE{TH Y.

X = AgXg + Boywy + Boou
2y = Cg1Xg + Doy Wy + Dyt
Vg =CgpXy + Dgy Wyt Dygryu

0 (2.52)

Dg21 =

S O O M
S O M, O
S M O O
h O O

22T, DonlIy, D welCxt T 5 EZEHTH YD, Ha ) A X LE LTk ) A AOIEITHES L,
ZOXIRERLEITH 2 LT, HAVEIZB T DIEN R T SND. DO € 1L, il Rk
FHZBWT, BA— T ROMBO R KR L OHIEIERE 2 MR8 L7203 5P 0 BR L — 7 R DR D
BRARENRE ST 20+ 20 e 2 T8ic L v sk, —RIE7 7> MZBWTHE Y HED
N e=10Z3E L, HERHEGZ1To 720,

242 ETMEEEHDERTE

T 2% FEICBWT, IEEDES % BT 2 L ilfEICHRE LS IR E MR s D 2 &
FIALNTHLD, 77 Fax—F0RETLOHNPRNT S, 2T, 77 Fax—ZRRAET
HHES) 2[Rl — SIS U TR AT 5 . R CHIBIRGE S 2 BT RAFICHB N T, MO T 7 Faxz—
B NFEAT B HEIHERHEOKRFI O RMS 231000 N & 725 X 912, & FIEOHIEES YA > Knk il
L, FFEOBZAT o7, Bl BUOHIE, & REAE R, 1224 2 R BZEBHIE O K.13256,
315, 718TH 5. RK2MIKETIEOMEAE, FAREELT A o 2BHETD.
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25 HESZaL—ay
251 EHEEHEETEN

AFHCTIL, 2280 R LI-Hl—REROET VD, 2481 CReEF L HlER A 5, The
Math Work Inc.® MATLAB % H\>, 1ms OBRFZIA TREEZITo 72, 2.5 2 OBFHI B TIEE i
VIalb—varET N ERBRERGTET VIR Lz, F2, BEOKRESCHEDOEWICLD
NEDZAF 7 ZABACDOFIEIE~DOEEZH ST 570, 253HTIIEME I 21— a v
ETIVERIERRGET NV E R AR ECHE LT/, 22T, fl#ERFET LV EEMEY I 21—
Ta rETIVDEREF2S5IZET.

A3 2 b—3 g 0%, HE60 knvh (16.7 m/s) DO—EEITHHIZ ISO TERSN/ZC 7 7 AL D
PSD HE"V L 7e D M A2 IO RIEIT L7 Z L 24E L, BMEFE 21T, A BHEmIE, EARET
ZHEL, B~OBEOANL, TNFNIICE 2 TWAS. X2.1305 MO PSD TH v, [X2.14
MEHEIRTH 5.

Table 2.4 Controlled value of each method

; Vehicle CoG Control Seat Position Control Passenger Control
(General method) (General method) (Proposed method)
| Conirolled value Vertical Acceleration Vertical Acceleration Vertical Acceleration
of vehicle body of seated position of passenger’s head
K 256 315 78
2 Controlled value \;?rs:;ilc\{:lggét; ¥ ¥
Ky 400 ¥ ¥
3 | Controlled value Tire displacement ¥ ¥
K3 5000 Y Y
4 | Controlled value Actuator force ¥ ¥
K4 1.31 Y Y
Table 2.5 Generalized plant to design the controller and simulation model
Generalized plant - Simulation model
Section 2.5.2 Section 2.5.3
Vehicle Full vehicle
Sprung : Vertical, Rolling, Pitching motion ¥ ¥
Unsprung : Vertical motion
Suspension Equipped with an active suspension
(Dynamic characteristic is NOT included) v i
Sensor Vertical acceleration of vehicle body
(Dynamic characteristic is NOT included) i "
Passenger Passenger model (Fig. 2.2) Y Y
Dynamic characteristic | Fig. 2.4, Table 2.2 Fig.2.21
! Table 2.2, 2.6
Seated position - Front-left - Front-left
. ¥
* Front-right
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Fig. 2.14 Road displacement

252 WERFELDLEE

[X]2.14 D Y& 1 S 12 BT, Hl O HIE (Vehicle CoG Control), 75 AT & il (Seat Position
Control), & B Z@#)f|{# (Passenger Control) %M L 72855 ORI N DFEAE, AR, BEEHO%
LB EOEL G R OMMEE 2 a7 T mnoFE Lz U 4 —2 2 K& XK2.1527R 9. BN E
X, ®E1 FiEA) LFEE2 FIEA) OMEEISENRRY, FE1O>— N (HIELEHK) O
EFIEEMER STV D, EFEORBEZFIHIEIL, FEMESEICEN, FEIEFE2O
= FOWIREIT DRV, REIOIEE E MIREZHIEHEO O L DL LTS, HmED
HEFS & OB AL E AN LI B O AEEN  N S W2 L 3bnd. 72, BEFIETSEE S
Lt%al@ﬁﬁﬂ@fﬂ%g%k?bu HE LD b/hSWZTThad, EoBs bmbl L, k8

BHDOEROEE ZMEHT 2R NH 5.

%?Yf%ﬁﬂﬂ L7cBRo B EL, REIO Y — MLE, REIOBHEO L TFAINEESE D% LT
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Fig. 3.1 Lissajous figure of control input at a single frequency

Control input
(Active suspension) -
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Y IT T4 7V ANEAL, BEONEEDOR STV vy —7 &2 HIEET L, AT g
VHE LR =Y 2 WIS W HLREORRGHEE R T S, BRMIZIE, A%
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T 5. HEREREHIHWD L7 7 > MZBE LTI, 241 TRR7ZOTZ Z TIHEKKT 5. X3.2
WRTON, BT 7T 47X L-HEGETHY, Eimoidh Mgk ofictI 7Ty
TATE R eZNTIURZD. I T 7T 40 7 X U OHEEARIEFR2.1, BEETT LORME
IFFR23EFRTH S.

AREBECHEREFHT I HAERE2 I T 77 4 7YV A~NEAT5720120%, #IF HMEZR 6 H
NENDEOHENED Fi ZHOI AR > a2 VHE Z TS U T, Ko X o B354 fere
WEIED FalZEWMT DVNENSH L. Fid b Fa~OEHERTONKZITHD. HIE- I
HaClE, Z,GU T, Fadnb Fua XK@ DIEWEHRT 5. KB DD LBV, I OHIER % HIZ
PHREAZEH T 5 &, MERIER S AT A CTRAET H 2 LN TE DRI AN RERIZ /2D, Sl
REAEMNT D, AHETIE, RGDHOFIKEELIHRIERET IV (BRI T7 77 4 TH AR 3 Y)
EHIEHRREHCHANE O TIEZR L, f#ERRHIETT Y (T2 T 4 7 A a ) AT
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g VEFRIVRT.

Side view Rear view

Fig. 3.2 Vehicle model
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Road disturbance

—»

Vehicle-Passenger model

Controlled value

—>

with Semi-active suspension

A 4

Linear-bilinear

Suspension velocity z;

converter <

\\Sn_x T - 1

. s | Normal
Damping force command B < H troller ¢ ) )
F, \ oo CON Vertical accelerations of sprung
Actuator force command
F li
Fig. 3.3 Control system of semi-active suspension
Table 3.1 Generalized plant to design the controller and simulation model
Generalized plant | Simulation model
Vehicle Full vehicle
Sprung : Vertical, Rolling, Pitching motion
Unsprung : Vertical motion
Suspension Active suspension Semi-active suspension
| Dynamic characteristic NOT included ¥
Sensor Vertical ace. of vehicle body Y
| Dynamic characteristic NOT included Y
Passenger Passenger model (Fig. 2.2) Y
Dynamic characteristic Fig.2.4 Y
Seated position -Front-left - Front-left

* Front-right

o
“Force F,;
N

Tension

Compression

7.
Tefsion

Cfimax :Crimax

Comy

=

Cfictr = Crictr

=10000N/m/s

Suspension velocity Z;

Cf;min :Crimin

=100N/m/s

=1100N/nvs

Fig. 3.4 Semi-active dumper model
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—Cf_maxz'si when z,;<0& —Cf_maxz'si <Fj
£ when z;<0&—Cy ;2 < F; <=Cp iz
—Cf_mmz'si when z; <0& F; < —Cf_mmz'si
F,; =10 when 2,=0 (=1, 4)
~Cr pinZs  When Z;>0&-Cp .2, <F; (3.1)
F, when Z, > 0&-C; iz < Fy <—Cp ot

_Cfimaxz.si when Z.si > O&F}t < _Cfimax si
Cr pin=C >100N/m/s, C; 0 =C > 10000 N/m/s

r_min r_max

G Crmin ZHBART EBVHMROCI T 7T 4 T X O EREREOR/IMETH Y,
100 N/v/s, Cpmax (IRTEROE I T 7T 4 7 X L /3O A ZEHELRE D Fe KAE T d Y 10000 N/m/s % 3% 7E
L, BRIEBE LRV, 2k, AT fIIn0, r 13I%mR2EWL, mifcime bICFkROEIT 7
F 4T EURERE LT, B, HIEBROBRFICHN RO ARy g v OWEARO EEE
1%, 1SO THIM L ENTW5 C 7 7 A% H3#60 km/h (16.7 m/s) TR L 7288w (X12.14) 2B W
T, ERiISICELRE (L, A1) OFEE L FILEE O RMS 23/ & 72> 7248 Crear, Crer = 1100
N/m/s % &BalZ FIVNC, HfEREE 247 9 199060,

322 FEARBEADHRTE

W HMEEZEI T 77 4 7Y A~EHH L, REDIMEHED L2 5TV v — 7 2 BRI~ <,

AR g VRELHE OV Y — Y 2 WISV EAOREEITH . BEAOREE, 3.2
(R RO BT OIEREREL (1.3 Hz), REEHO BT OIRERHE (6.0 Hz), (TR LEOr—
O IR AN $5(2.4 Hz) OB BB B8\ T, BHEERE SO O C 7 T AfRY & 725 A5

BT, &/A@)#~vnﬁﬁkﬁaﬁﬁwﬂ%®%% EHBRL, XU ROWENNEIIE
HPIC, REFEBOFEHN /NS RDLEIICRET D, £z, _ET L EE LTI (Passenger
Control) EDHE DT, 33D LBV %Uﬁﬂ%%ﬂﬁnﬁk?ﬂﬂﬁ);@ﬁb D IZH M ELO BN E
& 2 HL EOHIAE (Vehicle CoG Control), e B D35 FENT & D b F ALK & 3 2 5 P EHlfH (Seat
Position Control) Ol {HI%s & FERIZEREF L, B Wils), Wa(s), Wi(s), Wa(s), Kw =400, K3 =2500, K4
= 0.125, R TE L HE2FEOWTIICEB W T HRIBROEZ W5, 7Zeds, Bl E.OHIE O &
F Ko WX O NOERE, 2& FEArE LR B 1 OB ED ETFIEHE TH 5. %%@%’io
T, EFIMEEICRTDES Kal, PR a Vv BELHIO Y —Y 2 B2 KIGICE 2 5
ERDRH D Z ER oo TEY, RETHEMICHRGT 5.

323 ETFIEEEAXT HEEDLEE

22f8B LUB2IH TR LIZH Ml — B ROET /VIC, AKE TG LIzfiligs 2 4508, The
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Table 3.2 Road displacement

Case Frequency [Hz] Amplitude [m] Phase of left-right
1 1.3 0.01 0
2 6.0 0.003 0
3 24 0.005 7
Table 3.3 Controlled value of each method
; Vehicle CoG Control Seat Position Control Passenger Control
(General method) (General method) (Proposed method)
| Controlled Vertical Acceleration Vertical Acceleration Vertical Acceleration
value of vehicle body of seated position of passenger’s head
K, Adjustment Adjustment Adjustment
2 | Controlled Vertical velocity
value of vehicle body i i
K, 400 Y X
3 Coilgi)lged Tire displacement ¥ ¥
K3 2500 Y ¥
4| Controlled Actuator force Y ¥
value
K4 1.31 Y Y
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BIZBWTIE, ABFZ U REBEEZE L TRBWNEWR S, T2, HlEE L TWRWEE2OEE
L, FEIOEGHO ETFIEEEA K& KEVEIC LB E 5 &, Passive &0 HiEEHN
BT 2Z2Lbd0, RFHIBWTUIRET2XERH 5H. RMS TOFHEIZIBWT, Kb HiliEZIE
MED Active 200, EFAIEE PSD % [X3.14127~7. $1.470>588Hz I2BU T, Active 1235 b 1R
R R DN BV RIC e o 72 b 0D, ZRLSOEREIZ BN TS T LR b BWER TIEkR
MNoi-.

UbEZxE b L, FEIOET ETMEEDO RMS IZBWT, BEIT7 2757 4 722 WS
ZEENHIE (Semi-active) 1L/%w 7 H A v g o (Passive) (2% LT, 15%DIRENHNHIZN RN H 5.
[ RMS (2B WT, 7277 4 7 AH 2% HWic R BEEHIENL (Active 2) (TN y v TH AR
2 NI LT, 32%OREHNEIZNR N H D Z Lo Tz,

Table 3.4 Specifications of each method

Semi-active Active 1 Active PS1 Active PS2 | Active 2

Control Method Passenger Control Y Y ¥ Y
e Active / Semi-active Semi-active Active Y Y Y
A Damping coefficient 100-10000 N/m/s* 1100 N/m/s Y 300N/m/s Y

2 = K, 33 Y 20,40, --+, 140 ¥ 60
§ .%0 K. 400 ¥ e v ¥
E; 3 K,; 2500 Y X 5000 Y
= Kos 1.31 Y Y ¥ ¥

*The value for the control system design is 1100 N/m/s.
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Fig. 3.13 RMS value of vertical acceleration and actuating force
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DR S & 3 2 Hiji) Mbéﬁ%k%®m®$ﬁ Mbéﬁ%#%%ﬁﬁﬁ%?w@%ﬁb,@
GERFIIC AW L7200 H Mg DR 21T 9 FIEORBE L TWD. TbiE, FICKEIMLIC
%5 ETHMOEERE AT Z L2 HMNE LTEY, ZRENHIRDIEN TSI TN,
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- ™ Toe change

(]
L]

- R Tire
L (Front-right)

<Scuff Escuff

Rear view Plan view

Fig. 4.1 Toe change and scuff caused by roll motion

Tire
side force

E‘.-

i : (Front-right)
Scuff
Plan view

Fig. 4.2 Toe change and scuff caused by tire side force

LML, AigdmORmsELOTe R M2 BB L, Sl A v a 2 HAWTERE D O NI
T 5 ViEE) ORI A X D Fik1E, Oraby & 23K - JREE D OIRE LI Fikx E TEIRE £ 5 P
WHET VA L, TODRERLEFETREIRETHY, HEVEIE RSN TR,
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42 EFTFTIVVY
421 AR I UENMERFZ-ERETIL

ARETHIEX G & T HHEMEET ML, R43IRT 7L =7 VETALTHY, HEKE IR TOM
T 7T 4 7TV A %A D. HEVIZ—EE L, KETAVOMEFERT (EF4EHE), #H{AEA
E B BT, m—, BT, I3—) OFIAHREOEEFEXITKDO LB THDH. £/3T A
— X IFR2. 1T,

dp
(M, +4M,)V(E+7j =F,+F,+F3+F,
MyzZg=-Krzg—Crzy+F-Kz—Cpzp+ - K, z3-Coz3+ F, =K,z —C.2y + F}
.. Tf . . T;« . .
1§ ==K (2 =200 = C G =2+ (B = ) [+ LK (20 = 200) = C, Gy = ) + (= Fy)

+ Gy (Fou + Fy2 ) (g =l )+ G (Fys + Fya ) (og = by )+ My gH,

) (4.1)
Ipe = _Lf(_KfZSI _sz'sl +Fi _KfZSZ _CfZ.SZ +F2)+Lr(_KrZSS _Crz's?) +FE’> _Krzs4 _CrZ.s4 +F4)
+Mbng0
dy
1~ = (Fu+Fp)Ly=(Fys+Fy)L,

Mz, =Kz, —F-K;z;-Crz; (i=12)
M’E"i = Kthi _F;' _KrZsi _CrZ.si (l = 3,4)

ZZT, Gu=M/My, hg\(TELE, hy by AR X OMERIWO R — L2 2 &S, Hidr—/bk
VEANLIXREELOE CORERE, H Iy T 200X EELETORBEE LT, T XTHE
& Lic., REGMET/VZBNT, v—/f, EyFM, S—L AL KigDFAVET AT
INEWTED, ENLETXTHIBIL L TR D . FuldZ A YT, FIld7 77 4 7 ARHAET L
HTHY, zgZFEWOP AR v a A —7, 4 385 WmOF A Yi-birarl, X(4.2)THZ
5.

Zg = Zeg t (Tff>/2— L/-q— Z,

2= Zg— (Tff)/zf Lig-z,

23 = 2o+ (LF))2+ Log z, (4.2)
2,4 = 2o~ 002+ Log- z,,
=z, z,(0= LL 4)

Zi

B AR, FANCTT LBV IR a v DR R —, 24 YRENICRIT 5 AT T AE
LR O TN ENET LTS, AR v a DX ba—2I12k 5 b—AZE, K|
44Q@NTRT L 91T, EERNAY L REBE LIBAD F—ABIL AR TEF LT S, KIT, W
ARy g YDA R A= TR DR OZLE T T LT D 72018, 4S8 Y > 7 & B
FB. DA D = I LI E s THER SN DY AL g v id, (AU v 7 &0 5 A
BEXMZDENTED., A, 7o R—T —LlaT T—bnbRILTAY 4 v af—r
FEROV AN v a U EFATEMZEHETNOER LR THY, XA VIIH7 —AI2E - T,
Bk LS LTS, AR, TROHES X2 53R, BIRLTW5. EEEBOEELA O
X, EREWOT v =T — L L EREmO O T 7 — ADIEERO 5T o SRR L Ry BV (2
B L EZ AT LNTE, FOY 2L a VT RLEACLERESY L7 ICBEXHE, SR
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Fig. 4.3 Vehicle model

Table 4.1 Modeling of suspension characteristics

Output Toe-angle Scuff
Input change
Suspension stroke Modeling (A) | Modeling (B)
Tire side-force Modeling (C) | Modeling (D)

B0 ZElEET 5. FERIS, AR%AOBEMFL Crid Re BV IZEIC LB X, BREMSY V7 DR
RREIVIZREEET . CHEBEEKOBIE TEZXD L, HEKEFHY > 7 ORZETHDLHr— Lk Z[ED
IR DL EZ D ZENTE, BHOYP AR v arv ) rpnn—t o Z Llin s A Y
L ERESARY > 7 (Imaginary link) (2K > C, BEHZ DI ENTELH. FHEY 7 ZHWT,
RO X |CxT 2B OB & 2R L7Z02, X440)Tho. HIRB AT o REE)Z L2
B, AAVEMSITEG P RICBEIT S, ZRICEE, XA YHIR AN S, XA YRIRBELEE & &
A VRIEZHEE (Z 2 CIEEEERE) X D2EERY MVITAENREL, XA VIIHET 0 Ma%
HEUTDERUBSENEAETS. TREEELT, A YRBRETHIMAOZER LE-0R, {@4.3)
Thb.
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53,4 234 L
Aa—_®1] = Ao — e |~
I _..«'.'. ..... :: -
i = Stroke steer i
- | | | ) Imaginar%
T p— | "o i !
5 R o B B # T
: : sCuffi-> € Scuff
I | ' T, !
Rear view ’
! 1
vV
Fy3 [ 2h,,
P 5
. - ; ]—;
— . 1 1
Rear-left tire Rear-right tire Rear-left tire Rear-right tire
Plane view Plane view

(a) Toe angle change caused by bounce motion

(b) Scuff caused by bounce motion

Fig. 4.4 Tire motion caused by bounce motion

Instantaneous center
of rotation
(Contact point of

Lower arm

Instantaneous center
of rotation
- (Contact point of

rear-right tire) -\K\ Imaglnary link \\\ Imaglnably link \\%\\\% rear-left tire)

of rear-left tire

Rear-left

of rear-right tire !

Rear-right

Rear view
Fig. 4.5 Imaginary link of suspension
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:»,' Toe angle change

1
1

— _— | |
Rear-left tire Rear-right tire Rear-left tire Rear-right tire

Plane view Plane view
(a) Toe angle change caused by tire side force (b) Scuff caused by bounce tire side force

Fig. 4.6 Tire motion caused by tire side force

F, =K¢r _ﬂ_77_stZsl +ﬁzsl

s

Fpy=Kep| ~p-Ly sk yzy -2

y2 =B — ——-r+ sfZs2 T, 252
v v

(4.3)
L 2h

F.=K-|-f+—Ly-K, z;+—Lz

y3 Cr ﬁ v Y sr<s3 T;V ASJ

Foy=Ke, —ﬁ+%7’+Kers4 - 2;;; Z.s4]

T, fEINNIEEERO X A YT RV MAERL, Ko l3X4AYOa—F ) o7 RU—Thb.
Ky, Ko IZATREROY AN v a A b —2 285 b—ADOEERTHRETHSL (N 2l
F—A ). FEMNOBIEIIY AL g v A M —27 26T 52T 7T AL (24.1(A)), FHILHN
DI B S B & ORI Z L L HHO R THICL D 714 PRET RV 4 (F4.1(B) 2Tih
FNETMEL TN D.

W, XA YIS LD b—AZbE SO ENICE L CHiAT 5. X4.612h % A YHi
WCEDEATYOEZ 2T, F—AOEITZ A PRIICK LT, AR g UROHERO S
B llcky, 24 YORAPMETTHANCAT T ENEZAE T DON—KRITH Y, X4.6()2~F
KO RETNMACEATS . XA YN X 28R OZ(E, AT TAELEFEROERIZEY, #
A YR ER—FHEICBEIT 5. 2O, FesEEoBENX, ¥4 YOO EIcEER 5 2
RN, AR g A Na =TI DAy TEALIRRRIS, BEHLS OB 72 2RI 2 A YRR
B A MITT. XA YR KY, A YaigTmE, ¥ A VERBENERE & ¥ A YRIGHE (2
CCIHER EAE) ISR DEERY MVITIZAENEL, XA YIIHET R0 AEECD. K@3)IC
2 AYREINZ LD b—AZ bl L OB ABBENC L 2B b a2 E 2 700, X@4)ThS.
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L 2h Kope .
f f TSES
F =K {—ﬂ——V—stZﬂ Ri— TfV [KSFJ‘F % Fylj:|

L 24 Kemr .
f f . SF

Fp=Kg {_ﬂ——V 74 Kyzo - 7 [KSFfF n Vf Fyzﬂ

s (4.4)

L 2h,, | Ky -
F.=K +—Ly—-K, z +—L2 4| Kgp F 5 +—=F,
3 Cr|: ﬁ v VR Zgt T;V s3 ( SFr+y3 v y3 ji|

L 2h Kep -
F,=K +—Ly+K,z " zoa+| Kgpp Fog +—22F,
y4 Cr |: ﬁ % Ve srésd — TrV s4 ( SFrt y4 v y4 j:|

ZIC, K 1 IBMmDZ A YR K D AT THOELZ R~ TRE BEIMK TN HmO AT 7 A2
{b&IE), KalIRi#imo % A YR KD Z A4 YHEEOMBEIEZ R THRETH L. () N
INZEDETHY, BTHEIL TAT T AR AET (R4.1(0)), HHAMBEIREORFMZA( L
HOHDRTAIZ LD Z A YTV A (FR4.1D) BNAELD. ZOHEEMT) F Ok LTRSS &,
R@EHIX@.5 e 5.

' L/‘ 2h,]‘ .
F, =K¢r —/3—77—1(4%1 +Tf_VZSl

’ Lf 2hrf .
Fy =K —/3—7‘7’+st2s2 ‘Wzsz
! (4.5)

L 2h,
Fo=Kpb | -B+-ly—K, z4+—1z
y3 Cr ﬁ Vj/ srZs3 T TV ASJ

I

' L, 2hrr :
Fy4:KCr _ﬁ+77+K€r s4 TrV Zs4]
ZIT, KgiE, MAOCAT T AZZE LIEAmO%EM=—T U 70 —=ThbYy, RAD LB
NTHD.
KCi
I_KCiKSFi

’

Ci =

(i=f.r) (4.6)

£, MK 2BEMEMBENC L5 2 4 YT~V I, N@.60)D0%H M= —T Y 7T —Zk
KOBNERELEBRE LIERZ =TV /N —0RAATRETE 2. 2k, 4.6k LU 4.7)
OEHTATR B IZRET

1
GAS =
dl() T;S+1

KeiKpri
V(1-KeiKgr)

4.7)

7= (i=f.r)

PLEIZEY, R41DA)POD)DERILEIToT2. 08, K37 A—FI3, jc@t(ns)%#%%’

F TN — R (RAZE VT 4 77 7% 143X10° SSMmACERE) L7225 X910, FA2T%
TEIITRE L.
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Table 4.2  Specification of suspension characteristics

Symbol Value Symbol Value
Ky 0.13  rad/m Ksry 8.0X10°  rad/N
K., 0.13 rad/m K, 1.0X10°% rad/N

Ker 77000  N/rad

Kpry 6.7x10°  m/N

K, 71000  N/rad

Kpr, 6.7X10° m/N

"""" Roll Exp. RollCalc. ™ ™= *Roll Calc.
‘Lat. Exp. ™= Lat. Calc. (Fi=0)
o o SN ERD Yaw Calc.
100
lateral : [UBs+r)/s?):/ ¢,
ol [y] lg,

10 * ; y yaw:[rs]/p,

Gain(deg/deg , mn/deg)

Transfer Function [Body movement / Front road input |
Phase(deg)

Frequency(Hz)

(a) Previous study (Experiment and simulation)"*"

I
L
E
s
r

Gain[deg/deg, mm/deg]

Phase[deg]

Frequency [Hz]

(b) Our study (Simulation)

Fig. 4.7 Vehicle response caused by antiphase road disturbance

422 BEO—ILAAIZLXZEHEE

AT E TR L= AUy g OB 2EE Li- st L OER TR %, 221 Tl 7=H
T VORRE R 2 _X— 2T, 7 AR Y g VR A ST T T /L OREE TR A
@.8)D LBV IKT 5. ok, N@4.8)D Adw, Ase, AL, 18k A4 THHET 5.

X, = A.x; + Byw+ Boou

. T 20
Xs :[Zulzu22u32u4zcg¢ezulzu22u32u4zcg¢eﬂ}/ FyleZFyBFy4] €R

_ T
w= [Zrl Z/223%4 ]

u=[FFEFT

Av Asb Bvl Bv2
A s = > Bvl = H Bv2 =
T4 4 ) Ogea | - Ogxa

s¢ sd

(4.8)

|
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KET VX, HlH—ETCORFREET L THY, Hl V=120 km/h (33.3 m/s) —EIZIIT 5 L
DEEHE LD AT & 72 5 G T O B Y HEE 2 il 5 5 72, XA REF AL HW T,
Fe AR O BT I 7 NS U, SR IR e L C o =V/(L, + L) OB HIZE 2 /E U 2 A ELA AN &
NIEGE OBMEFEZAT 5. ARilR ORI 2N (v —/VAHY) (k3 2 s - s s O (R R
ZX4.702RT . CHRASHHA53) THE SN BHmET L OT — X B L OEET — X L [T H [l A
Ny IR D70, IREITEAICIE B LR VR ERROMEMEZ R L TND Z 0D, KRETLO
ZYPEDSRGE S ALz &I L7

4.3 HFIERERE
4.3.1 FBmEITHT HREEADOEEA DD EER DI

A% O HHm N [F U 2 E1T L7255, X4.8()D & 35V mile O B A2k L il o i A )
(ZHERIZE (Te72WEfH]) RS 5. ARRSCTIE, HIE LR A — A _R—R K> TEE STk &
Pade STl RIS 5 2 & T, 4D ESMELAMINAZ AT T 2D Tid/e <, BRITKFL, [X4.8(b)
RS RTERER 2 D I LA AN SN ABMIBTT V25 L, HIERHRICRW Tl Z % E
5.

AR I TANEL ORI 25 7 = V) (L, + L) 1% Pade FEEUC LV, @)D &0 I 5 = kv
HETHD.
1-7s/2
1+7s/2
_rs l—rs/2+r2s2/12
1+7s/2+72s%/12
1-7s/2+ 7252 /12= %5 /120
1+7s/2+ 725212+ 2%5° 120

(4.9)

[
1

Z Z°C, Pade #T{El & & L CHillR O B ANELO A3 5 R #m O g AN ELO ) oK RE T FE
ARARITEFRT 5.

Xg = ApXg +Bpwy

{m=%mﬁ@mf (4.10)

T T
Wf :[Zrl Zr2] s Wy :[Zr32r4]

N(4.8)TES L4l DA EL2NHNZ Tl 2 il £ 7 /012, H(4.10) TEFE L 7= Rt i 0 ¥ m
SELOBF 7 2 Ao, Bifm2im 2> S B AL I 2 Bl 7 L 2 @10 L B Y S+ 5.
Xy = Ay Xy, + Bow, + B ou

T T+r
xsp :[xs Xy ]

As Bs rC r Bs ’ +BS rD r B .
o[ B ]y [ButBans) , [Bs (4.11)
?Tlo 4, , B, 7”7 o

le = [lef ler:|
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Fig. 4.9 Vehicle response of vehicle model which includes the Pade approximation
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432 SELEE H.HI{#HZ A= HIEREE

AL TIL, 4280 TR L3R Y A0 v g VBT VA G HEE T T /U431 TR LK
SNELO AT O RFH 22E 7 /L (Pade iTEl) & T HEE T /LTI W T, 233 TR 7 AVELEE He
M ZEA L, —EHEEICBWTHENS OIELOREE I 2 T2 HEEEICH LT, B E~%
A5 Z &2 Ko THMLZ BNET 2/ ELENERIE & o S 2 M 21T 5 Ho B IS T DIRE
BEMEEZEAT 5.

X4.100%, Ho ARG EIT O moO— b7 7 hThY, HlET /L, BEIELET LV, JE
WHELNGRD. £, SELE RS KIEIZISO OHKZEE L, 24 1HTERAZ LB Y OBKHES
ILETAEHWS. WIZ, BREERT, H41TRTEBY Thd. AMERFEOHIMEEL,
WO ENINEE, HEAROEMEE, RO ETFHE, Ko Z A YEM, BSmOBEHITHDS.
B OBINEE X, K4120L 80 0—/Lt o ¥ TORMEEIZ 0 — LA NEE % & /8 L7 5 i
DA TORIEETH Y, RATRD LML A VT 5.

ycg :j}RC_Hré (412)

ZENZENOHIHEOFABE A Wi s(s)iE, K413l 9 X 512, BERO BT, BNEE T ISO O
BURERE 2 B L, (TR REEICB L CMEAR CEmM OB X 2L, ¥4 YAMFFR T
RCTHA YO EEZB 22, WKER COBEFHRG#EZYE, K= L —DHE %
B3 27 DI HENICEAZRE L, RITHERO L, TNOOEALEZRE L. RETE, HlE
—ELMUEL, HMERRGTEZITD.

LLEIZ R D, FEMe Ay g VR KO ORFRZE 2 B F 2 7o il & 7L, BRI S EL
EBTN, JAEEBERCE o> THER SN LT T o MIRAE 2 5.

Xg = AgXg + Byyw, + Byou
zg = Cq1Xg + Dy Wy + Dyt (4.13)
Ve =Cgrx, +Dyou

ZIT, B OHE y [ THARD Z A VALETO L TIEETH Y, SMLTH 2 BN
INEEEE L RN, vy D w \ T HIEITE e L7200, 23 LIHETERA HMEICBIT HRE]
Al-33 b6 - S e, 22T, RQAVERAD LEBY, EEE{TH

Xy = Agxy + Z;’glwg +Bg,u

Z, = C’glxg +15g”wg +f)g12u

Vg =CyaX, +13g21wg+Dg22u
4, eR™"

By =[By 0 0 &R &R ]

[l [Pa 0
Cgl = SZRZ 5 Dgl 1= 0
&R, 0

& 0 0 0

')

Dy (4.14)
s Dg12: 0
0

S O O O o o

S O O O
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Fig. 4.10 Generalized plant
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Gain [dB]

Frequency [Hz]
Fig. 4.13 Sensitivity curve of lateral vibration (ISO-2631)"""
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&9z, RITERAD £, A?VX%%K%@#%@@LMEE,&@L R, XA YN %ﬁ
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DEBYTHDH. £z, K4131RT ISO THFAL XA T 2 RN FE 0 J8 5 KOs Fek" " % 5 8
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Table 4.3 Controlled value of each method

General method Proposed method
S}Jspensiqn m(_)del which Not include Include
include tire-side force change
1 Controlled value / K, Vertical acceleration / 30 Y
Controlled value Lateral acceleration ¥
K Adjustment Adjustment
3 Controlled value / K, Vertical velocity / 400 Y
4 Controlled value / K4 Tire displacement / 1000 ¥
5 | Controlled value / K5 Actuator force / 1.05 Y
Table 4.4 Generalized plant to design the controller and simulation model
Generalized plant Simulation model
Vehicle Full vehicle
Sprung : Vertical, Lateral, Rolling, Pitching, Yawing motion ¥
Unsprung : Vertical motion
Tire Cornering stiffness (Linear model) ¥
Suspension Equipped with an active suspension
(Dynamic characteristic is NOT included) ¥
Tire-side General method : Not include Include
force change | Proposed method : Include
Sensor Vertical acceleration of vehicle body
(Dynamic characteristic is NOT included) i
z;nflre(:)rligto real wheel Pade approximation Dead time

— 100 \\Y\\\\\Y\U\} | | \‘
3 k:\gﬂwQQ |
g 107 s =
= LTI T
4;\ 10_4 [ \\\Nﬁl—
BRI
—U | | [ | | |
g 106 [ ¢
g C i ISO-A
o IR [
G108 |
5 L
% | | [ | | |
& qolol i
103 102

Spatial frequency [cycle/m]
Fig. 4.14 PSD of road surface profile"'”"
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Fig. 4.15 Road displacement
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3 045 H, cont. 009”‘1 7777777 ] 550 - 1”;*”@7
= -/~ (with susp. model) 10O 1 e O
, X : 5 : 500 p--------F- (30—
'«% (O~S# , cont. E 008f - I £ 2 1 O
5 (without susp. model) - H,, cont. 3 A0 - D1
B | g (without susp. model) = ON
2 040 @@@bt P oo LRI S 400 0 T
2040 --~< —_— k) ! o H__ cont.
g | @@@Gb g 006l ﬁ?@QQQQ | ‘§ 350 1 - - @, - — —(without susp. model)
s 1 = Ay . g Q 1
d | 5 [ R
El | —  0.05] H, cont. )/ ***** b 2501 H_. cont. o
072 | (with susp. model) (with susp. model)
035L . SR 0.04 : ,
0 500 1000 0 500 1000 200 0 500 1000
sz Kw2 Kw2
(a)Rolling rotational acceleration (b)Lateral acceleration (c)Actuating force

Fig. 4.16 RMS value changed by evaluation function of lateral acceleration
(Antiphase road disturbance, V= 16.7m/s )

BENRE D BRI Koz AL SE 7258 D% RMS D2V %2 [X4.1612 774, [X4.16(a)0> 12— LA 1 i
DOAHIE RMS (il C FREEB SN T AICHL b 59, BINEEESL Ka% BT 512650,
[4.16(b) DEEAHEEE D RMS 1%, R T LY AR g OB A2 Z B L= HIEE 01T 5 SHhE
DN RN RENZ EN 5. Fio, BIEEEA Koz BT 212680, XM4.16(c)DHES D
ENRKEL 72D b, BIEE KBV R LD OW T2 EE L, BMINEERER Kpa R ET
HZENEETHD.
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44 BELZaL—Yay
44.1 FHEEHEETEH

WRETIEOGIEERGET 572012, AERETIEO X A YR ELEEZ B8 L-Hlies & & E
L7 WHIEER O 21T 9. BEE T /MF4281 TR L7eE T V& AV, B O Bim A DR 2=
T2 & 95, BUIEE O BEAITAI2ZH TOMFHERELEE 2, = —/VII#E DO RMS fEAF
— LB XN, A TYREIELE A EE L TWARWET LOFIEIZHT K..=350, ZE L 7= HH
L Kn=3008 L, ZNPDAOESIIRIIEFERE T 5. Flo, 777 4 7 RAEHBHE LsVlE
O HEE T OISE G RT. e A 4R, BUE V=16.7 m/s (60 km/h) (ZIVNT, #4ASITRTISME
ThD.

442 H—RBFEEREmTOLE

[X|4.17027%32 Hz OB — &40 C OB %2 [X4.1812 /8T, e OFMNELA T IE A i D 1
mARMCEL LT=GE, 2208 AAROBENYHTELLELETHDH. RYIOIE TIE
W OB, W HAMEERIC X DT 77 0 7Y A8 LT 5 ONEE ORES ST
5. 2OHDINETIE, XA YEONELREZ B IE LTz HAlEES D)7 3B [ L TV e Wl EEER 12 b
A, HEEE D ORI V., DK Z EZBH L T\ D, EEELOBIHE 1L, n—1tr % TO
REINEREE Vpe &0 — VANEE L v — k¥ EHEEELOE S OFETRD 55 W7 [ o
FE-H.$ OFNTHY, KR EK4AI0FZT. Fi 5 ORIMERE L ﬁﬁ@%%%mt n—/L
TS TORBIEEIGE (K4.19 BB (ITI3ZERD/ NSV, ~wﬁm NN RY VI IV
(E4NT&)Mi@éﬁ%%%bfwé.T@b%,ﬁﬁ@#xm//a/%%ﬁbt%@ﬁ
TNEZBE LR OHIERIZHAS, XA VYRRBETHHENCEI VAT —' X ORINLEE & 1%
WF R ONEE & v — LGNS X0 s AR S, HUE E O S O R A IEE (K418 FB) DR A
EHLTWDHENZD.

Table 4.5 Driving condition

Case 1 Case 2 Case 3
Vehicle speed 16.7 m/s ¥ ¥
Frequency 2.0Hz Random (ISO-C) ¥
Left / Right road input . Coo.rdmate phase + Coordinate phase + Antiphase
+ Antiphase

Coordinate phase Antiphase

Road displacemen [m]

Time [s]
Fig. 4.17 Road displacement (Case 1)
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—i(a) H,, controller (without suspension model)
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Fig. 4.18 Time history of vertical and lateral acceleration (Case 1)
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Fig. 4.19 Time history of lateral acceleration (Case 1)
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FMETUE, K415IZR T ISO O C 7 Z Ao ik & e A I R T A LT\ 5. Tl s 2 b
X H il 2595 2 & CIAWERBHTIROIRE 2 il 55 Z LN TETWD. F, XA T
TEACRE A B IE LT HoMIHER & BIE L TW AR WO ZITIE L A L2 <, Bl kTR
BALCIE, #A YR EFEZZET 52 LI AEEITRFICRNVENZ S,

444 EAHOBENFCLEDS >4 LRE

B4 21 e lm s i i A & 72 B BT 2 BT L7256 O BmEIEE o PSD 27, B X, [X14.15
DEMEFEETHSH. K96 Hz LLFTIX, A Y ELREZ B LT HoAl 2L, 85 sl
D, B L TORWEHIEZE & T, B AN 2 Bl A7 [ O MR 2 K35 2 & 28
TETCWD. PUEXY, P2y aroX A4 YRODELREZEZE L CHIERRHE2 T2 L0
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Fig. 4.20 PSD of Vertical acceleration (Case 2)
N
&
£
) |
n L
A~ P c
::t::i:i:ﬂ:::::i:: H ., cont.(with susp. model) _
1 1 1 L 5 1 1 1 1 1 1 1 L1 '
10 10
Frequency [Hz]

Fig. 4.21 PSD of Lateral acceleration (Case 3)
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MR DAL B L EEE A~ NIT T B EBE L, 777 4 7 AT LD RO & Rt ENE (5
HEAMELIZ 69 2 SEEEB OR) DML A FEH TN, TS AR Y g VREDET LB L,
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BY ARy g DI A YR B EZ B IE L2, B LRV, ST R
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DMz KRBT HLRARETHDL I LER LT,
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Frequency [Hz]
(a) Vertical acceleration due to bounce-road input (Unit : dB m/s%/ 10'3m)
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(b) Lateral displacement due to roll-road input (Unit : 10°m/deg)
Fig. 5.1 Contour diagram of vehicle motion due to road input (Gain characteristic of transfer function)

EE) T A —2 & Z[E LI-HlRZEFT OO E DI, flHx R E2RE/XT A —%Z8H) (LPV: Linear
Parameter Varying) -2 CEH T 5 Z & THRIEITHIAZER (LML Linear Matrix Inequality) (2 &> T4
A VAP a— b (GS: Gain Schedule) %! H. il fHigs 28 H 92 HES 0" H 0, Zhz@EH L
BN BB ENTND. FEY 2Ly a AZBWTAFREA BT 5 Z L1k v, Fialho bl
—WETNDT I T 4 7Y ACBWDTHEOMIG L~V Z2 T A= TRE L, BEOHMSIZIGT
THIEES 22 ESEDHZ LT, BLHMELEL TV, BN LI —WETLORIT VT 47
P 2ZBNTHF AR T g VHER LU o ROIERIRITRRMEZ /T A —ZITL, 260Kk

78



FS5HE BHICLIDIHGHEA T I I AOEEBE LT 77 4 TV AV 3 VOl RS

I CCHIEIZSZ A7 2= v 745 2 L TRTEOHIEMERZ TR L CnaP,. £, &7
NE—=T VBT RN TT L—F L OFEHIENCHEH L7 fl® i Lo &EE# R 8517
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L7z GS B H il 5 256 FH U 7253 720,

Z ZCARETIE, HEOEWDEEAMLIC & 2 Eili S8 20 KX T8 L Z 8 L7 filERaE
EWERET D20, 77T 47V ACBWT, BHEEZ /T A—% L35 LPV R&EHH L, GS & H,.
A A L, fEEIciTa ko ENIEE, vy FInEE, X EoinEE, 3—1v1 MEEk
EL, HIEIZ Ko Tidha b EFINERE B X ORINEE O B S E A 2 280 S, Tl & Bt
EMEDOE EOWNENARETH D Z L &/RT. 7o, KHHE TEFIEER X ORINEE O RMS i
D570 5 BT & e /N 9 B SR I B 20 TRk EF L7l (FLHIE) 2 B2 2 Bid i@ A L7358
OMERE L, ABETE (GS A AME) 2EEy I a1 —va ikt L, BEFEOAME
AN I

5.2 HIfEEE
52.1 #HBEN\TA—ILER
WBIENT A =28 HR (LPV VAT L) X, BET T FONRT A=Y WL L3568, Kk
R TCRTZENTE S,
x(2) = A(6,)x(2) + B(6, )u(t)
y(t) = C(6,)x(t) + D(6; )u(t) (5.1)

ZIZTC, x,u, y IZFIEI n IGTIRBER Y bV, m ISTHIEIA X7 kv, 1 IReH )1~ LT
H5H. B, GBRETEDLEIE, MERARER (LTI AT L) ThHD.

A(at); B(at); C(at), D(Qt)7j§/\°:7‘)(»—-y/\“7 }‘/Vet = (gtla 61‘25"" etr) 63774’ I/ﬁ:ﬁ?ﬁﬂ‘é
T T ARG A= REKEET ML, RERDEBY THD.
B A L e e .
c@) p6)| ¢ b "la b ¢, D, c, D,

ETe, T AR T A= BRAFET IV CIENT A =4 OB E @, @y, @, LT 5HRY K
—7OhichBEY FEY I ET IR, KRO LB THS.

AG) BO)|_ N4 Bl _|A@) B@)| . _
C(6,) D) ¢, D| |C@) D@| ~ °

6, €0=Colm,m,, " @,} (5.3)

Co{wr,i =12, ',r} = {Zaiw, 1a; 20,20@- =1}
i=1 i=1

522 HFAYRHETa—)L K H g0

LPV S AT LZBWT, A v A7V a—)L R H G ZE 45 7- D12, LTI > 27 Akt
HULTOFREMEEZEHAT .
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FRA T T 7 >0 L R A FEUSEZRE B G)=CI-A'B+D B2 bni-t¥ 5.
WOFREFITFEMTH 5.

1A TES EICEAMEE R =T, |IGO)|.< v
2. WD LMI % i 7= 3 EFTH X D GFET D.

A"X+x4 xB CT
B'x  —yI D" |<0 (5.4)
C D -yl

ZIT, ADEERGIE, XIXTIEEERD.

R(5.4)% LPV > AT A~JRIE L, (5.3)D LPV ¥ A7 AL, W ZEW7-9178 X > 00 FET 5
2HIE, TRTOOIIR LT, 20k HAMEREY 2 1.

A6)" X +XA(6,) XB(,) C(6,)"
AR —yI D) |<0 (5.5)
Cc(o,) D@6,) -yl

ToLx, VT 7B V)= x X i3RI L EMERE A R L, TRT D6, 12x L TIRAD K
DN,

1, <7[ld, (5.6)

—B 7 LPV & A7 AT, /UG HEMT-TZ EIER#EETCH 228, AU hE v 7 ET LTI,
GG EZRAROERED LML (FATHIAER) ICET D5 LR FREE 8D,
A" X +x4. xB, C
B'Xx  —yI D' |<0, i=12:-"r (5.7)
C: D, -yl

1 1

ZIT, NI RAERY MVGIZE VBT DRI FE Y T ETAO—fEILT T > b Gs)DIREE

MR ERT D.

X A@G6,) B(,) B, || x

Gi(6) D) Dy, {W} (5.8)
G Dy Dy || u

z

¥

ZIT, UTOREEFRETD.

R €2
A2-1 Dy =0
A2-2 {74 By, Cs, D, DnlI 6 ITHEAF LN &
A2-3 TRTDO, €0 TG, ),B) 0322 EAL P HE
A2-4 T XTD G €O TU(E),Co)D 20K 2 EAL AT BE
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Plant
w z
EE— —
G(s,6)
b0
u K(s,0) |4 y

Gain-scheduled controller
Fig. 5.2 Gain-schedule control system

ol x, ONEFFTIECENE, KS2IRTEXYICHESER T A ENTE, 012k-T

FIEISRII A v AP a— L& N5. X520V — 7202k H HEREY 2%

m:{Ak(@) Bk(e,)“xk}
u Ck(gt) Dk(gt) y
DRENL, ZOANLV—TRIRIREZETHY, T XTOEGITXLT,

=1, <7},

s, HA—7R1F, kKADXHIZERSND.
{xd} _ {Ad(@) Bcz(@)}{xd}
u Ccl(et) Dcl(gt) Yy

[4,(6) B, (@)} _ { 4)(6)+BQG)C  By(6,)+BR6)Dy,
| Ca(6,) D, (6;) Go(6)+ 5219(‘9; )C Dy, (6,)+ 5129(‘9; )521

(f
[
A

] [406) 0 B@®) 0 B ]
4(0) By(6) B o 0 0 I 0
Co(0) Dy(6) Dy |=|G(6) 0 Dy@) 0 Dy
. C Dy Q) 0 I, 0 4() B(6)
| & 0 Dy C(6) DO

ALY 5 il

mE, QO)ITHEEGTHD.

523 HFAURHTa—)L K H HEH0EHI3908

2K HMERERTEUGS.10) 23 22 T T kRO LPV filIER RN FET 5 2 &1,
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Zlwl=9(n + k)X(n+ k)ROIEQZRITH] Xy & LTI S il Q WFEETHZ & EHEMTH D
(184)(188). ifi,

_ _A1R+RACIT RCllT Bli -
Ne 0 C,'R I D N O<o i=1,2 5.14
, - ; , =121 .
I 0 I_ clT }/T 11i 0 I_ ( )
i B Dyy; v
) (4"s+s4, sc cf .
Ng 0 B.'S I D, Ns 0<0 i=1,2 5.15
- . , =121 .
0 I cl 7 11i 0 I ( )
B N oF Dy, -yl -
(R 1 <0 5.16
1 S| (5.16)
DIODOREX ==L, S 5IZ,
rank([—RS)Sk (5.17)

BT B D AFATIIRS) DAFET D Z L bEMTH S, 12721, Ni, NslZZHEN(B D1 )D%E
ZEf 2 KT R, SHND Xa %3RO LTI i i il 45 4 23RO 2 FIHIXIN 630 LB TH S.

FIF1
WAL VITHIM N #3HET 5. 72720, MMNIZTZLVI 7 Thb.
MN" =1-RS (5.18)
FIE2
WALV, XaZFET D
I R S I
R ' Y e PV (5.19)
FIE3
A. B,
ﬁw%hk&MﬁLf,K%ﬁﬁwwm@mﬂ%{; ;}@%a
ki ki

LTI v S hlEgs sk £ v, 6, OFEAMENHIEFIC R TE LN 251X, T0 L EOH|EZED
WREEZERIITHNIIR A D LY It HE 2 b 5.

r r Al‘ B ;
Q(6)= ;alﬂ[ = Zai [CZ Dl,;} (5.20)

i=1

Tk ZIFEBRT A= p BRIV VICEST, BBT 26l KpORETIE, + 7 AE
TLTETRT A—H p B LUy OIS E R EEEO I LY, ek 5.

P~ Pmin . Ymax —V [% (pmax > Vmin )

v Vimin

< i (5.21)
P~ Puin . mh K (pmax > Vmax )

Vmax ~ Vmin

I%(p’v): Pinan —P ’ Vmax;v I%(pminﬂvmin)+

Pmax 7 Pmin Vmax ~ Vmin max — Pmin  Vmax ~
Pmax =P V= Vmin _p
' v K (pmin > Vmax ) +

min Pmax ~ Pmin

+

Pmax ~ Pmin Vmax
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5.3 fl{ERERET
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7= Pade Tl OARBEFFEX A HE VIicxtd 5 LPV ROR(5.23) CEXE L, MM ELo 4wz T AT
SNDHA2H TR AR KA R THEET L OREFRA L HAGDLE D Z LT, AiEm2im» o A
) AR ERE LT BEEINEL w N AT SN D HEEET LV EEET 5.

2-18
= 5.22
¢ 2+71s8 ( )
{xdr =A;(V)xg +Bg(V)w,
d
W, = Cpxg +Djwy (5.23)

Wf = [Zrl Zr ]T W, = [Zr3 Zr3]T

532 HEZNTA—RETETAVRTV1—)LF H HHOKRET

ARIETIE, LM Bt et (BIAELICHT T 258 O/NS &) 2T 5720, HIEEI
L CHBEESZRE L, HIE VI &Y BT 2RI T 2ETmO XA T I 7 2AE2EET D
2, HlE AV a— ) TR TA=F LT 5 IMIICESE, GSH H il z1T 5.
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Fig. 5.3 Approximation of time delay of road disturbances from front to rear wheels
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42 1A C/R L2 KA3D I ET VL, KlgD ¥ A YHEMS OB E) & SlipigEEIc L 57274
NHA YN ZRESE LT MEEIT> TS, TD, HElTT /UL, BUE VO OEN
bV, HHIKIELIZET LV THD. GS A H AR O 7D, BEET L& Bl V OWfifi s /3
TA—=2 LT HLPVETHERT D, ok, RRFHIBWTIL, RE2D A2-1%{f 7T 7o ORiE £
TERBRVEYNLOMNE Yy ZHKO X A YD T80 ETHMEEE L ThD. BTN
W IXEREENT S Z LR TH LD, IEEY I DEENSE Y ) A e RE UERLES
WXV EH LY, A7 —N"EHWDLZ ETESGICAETHDH. T I T, ETHmoOBEENHE
HICxDAECHED 5.

x=A,(/V)x+Byw+ By,u

0,12=Cy(/V)x + Dgy,u (5.24)
y= C?Z'x

4281 TR AR B E T L3 L OS.31TEH Tk R 7= AL ORI R O R 22 B8 L 7=E 7 VI z,
HE R z ot LC, B EAE AT IERRBKSATH S, flEEE, FOMEEZR ESES
TeOIZIE R AL 3 L OV y F AN, Bt EMEOMEREZ ) | &8 2 72 O I AR ORI L
BLOI—LA MERE L. TNENOEEEEAIKSSO LB ThHDH. X EINEE O JE
BRI Wi(s)F K OVt O BN E D JEI BCE 7 Wa(s)iE, [X5.612753 1ISO THUARIL STV B E
JER BN R D A O AR EGRBIERZ S o R B KO A T, £ Eh6Hz, 2Hz
W=7 R OIR2IRDIREERE L 72 D 30 RRAT 4 W EZ B NTWS, £z, v F A
FE DR IE I Wi(s)FB LT — LA b OJEEE Was)iE, KJE LR C o8 4 i+ 272
2, O 2IRDABIERFE L 725 0 — /N2 T 4 L E ZHWTWA . JERRICEBWT, filf#l&E z X 2h
SEBLW (N, 7 AV K IR LI EE L 7 0, B VIIR(F L T2 2 b sg5 2 Lk Lz,
FA Y K DEITRIETRET D, HEHETANSHTT SN EHIEE 2 (26 L CEKREEARE X
OF A U HPMER LT ERR Ol & zo 2 719 B RAEGREAUL, Bl V295 LPV R T(5.25)
IZEFRT D.

X, =A4,x,+B,z
W{Zg _C (), (5.25)

F£72, GS B HAEHOBEHNZBNT, WHTRT yEEZHHET L2720, LIS LTS A & K
ERERALTVD. LLEICKY, 54052 AT LOIREF R TH HR(5.23)0 5K (5.24) 12 L v,
—AE 77 v NI E R D

Xy = A, (1/V,V)xy + By (V)Wy + Bgyu
z, = Cgl (V)xg
Vg =Coax,

xg :[x Xar XW]T’W :[Zrl ZrZ]T

& (5.26)

A,(4/V)y By Ch 0 K, (By p + By, D) B,,

A, = 0 A7) 0 |, B, = B, (V) ,Byp=| 0
B,Cy(/V)y 0 4 0 B, Dy,

w

Co=[0 0 C,(N)]. Cpr=[C;, 0 0]

84



——— e e

e \

Road Vertical acce. ," N
disturbance ! K P )T’
Lateral acce. ! !
Wg(t) E— ! - - ! Controlled

Pitch ang. acce. ! ! values
= . -KW -W s
Time delay model'— / L N Yaw rate E .- - E: Zg(t)
H > ' wi 4 ,/ I

+ N ==
. Frequency weights
C sl for controlled values
) !
I I
I - Cs2 i
|
A« !

____________________________________ 7 | Measured outputs

Inputs (Vertical velocity
(Forso) 50 = 4 (P P25 O+ Be(pr. p)¥(0) |, of sprung)
. u(t) = Gy (p1> P2)% () + Dy (1, P2) ¥ (1) yg(t)

Gain- scheduled controller
Fig. 5.4 Generalized plant of proposed method

W) S
(Pitching angular acceleration)' Wy(s)

L L || 7 ¢ (Lateral acceleration)

1.2

eration)

(Yawing
| angular 1 /00
’ acceleraFion) ‘

Gain [-]
(=]
N

|
|
|
r
|
|
|
|
|
|
|
1

|
|
|
-
1
|
|
|
+
|
|
|
1

Frequency [Hz]
Fig. 5.5 Frequency weights W(s)

FIIRI R OET N E GTIRRIE, RTA—F p=1/VEBIORTA—=H p=VIZX LT, 7
A — ZTMSEIR NSy EARTET DA 0 T T2 R(S2T)DT 7 4 /8T A —HKIFET LTtk T 5
ZEMTE, ARE2EN T 2 & T GS B H R ARG T2 2 ERAREE 72D, AGmCTlE, &
WV OFIPH A BE T T VOSSR S, ENICER O TS & O 7o — 722 Bl g 2 A2 E
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A 1 g2
g |:Bg B ]Flgo %g0}+p|:le O}FP Flgz %’gz}

C
{ ng 0 €0 O 0 0 €er 0
g

P = 1/V € [I/Vmax I/Vmin]’ by = Ve [Vmin Vmax]
V.. =56[m/s], V. =33.3[ms]

(5.27)

Rl a— ) T RG A —H pl, pDENENDERAE, B/IMETH 24> D8] T L
LTI S 3 filigs K*E, BSAD—ALT T N DINEL we 1D zg £ TOIRTEBIEL Gogug(s)D Hoo / L 2
RS2 T y A&l & T D HIEEL, (G29)D LBV RD D Z L TE HIEED

G gzg [l < ¥ (5.28)

) o)

Cy (ni*) D (1))

*

K. =

1

, i=1,---,4) (5.29)

o, NI A= Lo TEBT LG Kp, p)Id, Sl ommmbiic L0, wale s,

. Vo =1V Voo =V 5 1V -1/, Vi =V 5
K(I/V,V):l/V =V .VmaX_V K(1/VmaX,me)+1/V _maX-VmaX_ K(1/Vgin-Vinin )
min max max min min ~ Pmin max ~ Vmin ( 5 30)
Ui =WV V=Vy WV 1Yy V=V :

0 K1V, Vi )+ in_ R (1/V_.. .V
U Vin =11V, ~Vinin (1 V) 1 Vrin =1/ Vs Venax = Vimin (17 Vi Vo)

min max

|4

max

533 REBEADEE

ARIETIE, HIEEICHT D7 A 2 Ky B HEICG U TEET S GS B A ORG 2175 . 7' A
v KyilX, H#20, 70, 120 km/h OE SR WT, 1SO O C 7 7 2Dk % L AR EAE & 72 5
KB LW E 25 KEA2ETL, RETDH. FHHBICB W CTEA RAREEOFR BRI E O
RMS fE, A4 WFREF O BAARFENNIEE D RMS EHZIL6 OF (Jr-2070120) &K, F DOED H/)
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ERDEIBRTA VK% RO D, KSTIEE DORREAEN. D PSD, [X5.81345% Hd T D /2 Hifim D B 24
frZzRLTCW5D. 728, % RMS fEHIE, ISO THME SN TWD ABOIEERE""25Z/EL, ETF
B X OBINEE ORERYT — X NCARFEE BB LT\ XA T ¢ L Z P %5@il S, N ORE)
B2 Ik L7 CTH 5. ARSI CIE KnB L O KnDEEEZH SN L, TS D 7 A 1338 9T
BERROD b, K =107, K3 =05, K= 012 L7-. 7235, H R a0 DX B, FEHIENE
REIZEBWT, Jr—20701200 DFRFN N B /N & 72 5 1100N/m/s & W TV 5.

5.9 55 1K BIHICBWT, A v KaZx0.10:6505, KnZx051 510X TELHE L GS M H,
HiliEEs 2 Z TR, (IS LTRO RS FEF CEN L7HA O L TIEHE RMS, (b4
D& IE DN TN L2 HE ORIEE RMS, IICFNbL0fMD a2 —XizRrLTW5. 1
FIMERED A v K% B 5 & iE R B Im#EE D RMS 2ME L, SIKRED 7 A v K% B2 &
BN O RMS MK R 2238 2 23, 13 IR D &7 A o K lIXBEENFET D 2 L1345y
5. KnB IR KnZRET 25 LT LOEINEE D RMS ORI R b/NS < b (kils) %
ARLTVWDHON, KHEOYNTHY, F lddflIcE FL, 2L Tnsd. fHlHIZH LT, Knd
W K DRGEEZ R LT2OMNKS.12TH D, KalTHEIZ L VK NI 2817, Kol EIZ XD Y
HERNRHD. R THE, GSNRTA—F %, HEVEIOCIUVIZEELTWDHZD, ETFTBLWY
FENNEE OHIE R T D W7 A 2 Z2RXUTRTHE V OBERIc LV EFZ L, LPV R & LTH
. 7B, KSINSKSANIRT O, BMEELIZEIVELNDEATHS.
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54 BE>ZaL—3aY
541 BEHEFESIUVETEH

REFIEOEIMNEBRET 572012, RENTFTHIEZROLKEZIT o7z, HEE T A—Z L L
AT CROTZASINDJAPILE AT A 2 LV kGt LTz GS B LA (REFIE) &, SHH
TR BAEL Jr—070120% B/ M T DB EA T A > (M5.120 08 L 0'@) ZHEIZLD GS &7
D2 HAEROWAELT S . £, 7277 4 7 A EHMR LRVl Ol oA bR
BT 7 /U, 428 TR LCET vz A, A& o i A ) O 23T 7Z0FH & L, The Math
Work Inc.® MATLAB % i\, 1 ms ORFEIZ L TEHEAZIT 77, ML, R520&B0VTHDH. £
TSR, FRSINTRTIERMOKE 2, HiH20, 70, 120 km/h TET LR EZ 7T

Table 5.1 Controller
General method Proposed method
NonGS/H (Vi) NonGS H.,(V.,) NonGS H, (V) GS/H,
Method LMI Y Y Y
Gain-scheduling OFF OFF OFF ON
Designed speed 20km/h 70km/h 120km/h 20-120km/h
Ko 10 X ¥ ¥
1 | Vertical ace. K, 0.353 0.930 0.990 Eq.(5.31)
2 | Lateral acc. K,,» 0.940 0.395 0.303 Eq.(5.31)
3 | Pitching acc. K3 0.5 ¥ ¥ ¥
4 Yaw rate K4 0.1 Y Y e

Table 5.2 Generalized plant to design the controller and simulation model

Generalized plant Simulation model
Vehicle Full vehicle
Sprung : Vertical, Lateral, Rolling,
Pitching, Yawing motion i
Unsprung : Vertical motion
Tire Cornering stiffness (Linear model) ¥
Suspension Equipped with an active suspension
(Dynamic characteristic is NOT included) i
| Tire-side force change Include ¥
Sensor Vertical acceleration of vehicle body
(Dynamic characteristic is NOT included) i
Time lag of front to real wheel | Pade approximation Dead time
Table 5.3 Driving condition
Case 1 Case 2 Case 3
Frequency 2.0Hz Random (ISO-C) ¥
Left / Right road input . Coordirilate phase * Coordinate phase * Antiphase
* Antiphase
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542 BH—EREETOEE

[X15.143 3 ON5122.0 Hz O Bi— & 5 O B i % #3470, 120 km/h THEAT LIZGEOIRE 2R~ T. &
WOHNELATN T A RO B A R T Lc s t, WITAAmOEmA W TEL L% ATH
%. FEARMOSNELZR LTI, ﬁﬁ%mztﬁﬁﬂﬂy&ﬁ%’E&T$ﬁ®LT@®Wﬁéﬁ
m EL, ZEAMFEOSELIZ LT, iﬁ@%ﬁﬁ@@%ﬂﬁﬂénfmé B O ARE WIS
7L, BRI, BRI EISEICERNH D, 120 km/h & %1 ,(Bmuﬂﬁw\ib
wLTz. F£2, KL Tl3, t/%ﬁﬂ@f‘ki05~v4 MME&{BZ%EHE’J , JEWEESEEDT
AV DOFMRBRFHI L TR0, TR 5IEEIT = o ~NE WIS, méwﬁ%%%bfwé

[X15.161%, HiH70 km/h TEITLIZBEOKEHOHE 1 Z2m LT\ 5. EAFMOIELICK LT
NonGS/Hoo(Vinax) & GS/HoAZBIME7RZEIX72NAS,  FE A7 1A D ALELL ﬂbfi%%?%f%éGMﬂ
J7 N EHT0 km/h Tl 72 < 120 km/h TE%EF L 72 NonGS/Ho(Vima)lZEE Y, HETI /N E < Dy dp: A3
BTV, [X5.16(2) DREIIEE OURMEIT GS/HD BB TWD Z Enb b, BRFEITT 2
T4 T ANRET DM ERR Mo TV HHIfHITHDL Lz 5.

543 S VS LBTORE

533 T/R L2 ISO-C 7 T AD i % /oA 3 [RAH, Z2A8 DS AH D EAT S TR 72 5 HURIZ 38\ T
B I 2 —3 g v &i7o7-. [X5.17 & X5.18D () FAELE A RIFE OG0 b bR s B
PSD, (b)XAEAWAHDOSA DT FAENEE PSD 275 LT\ 5. H#H70 km/h TIEA1E T RMS %
AR— 2| ZFEF L7z NonGS/Ho(Ver), 120 km/h TlE NonGS/Hoo Vinax) DN JE IR BOR 0 Tl b B OMARE

g EBbinen, BT LS IRWEREGETIEIZ B W TR ZRFERZ R LTV, FRZ, HE70
km/h [FFEIC BV TUE, 5 Hz (T OMREIX NonGS/Ho(Ver) £ 0 & GS/HLD TN BUWHER 2R L, BH
120 km/h 35 A2 3 THE NonGS/Hoo(Viax) & 0 8 GS/HLD TN B WERZ /R LT 5. £ 72, HH120
km/h TREEF L 72 NonGS/Ho(Vpax) % % 5 HC N2 HH & B2 570 k/h (Z5@E ) L7284, R H080 R
(BT 8 I OREIEFE RSN DB R D R TE 5.

B RIZIAI S D RMS % [X5.1935 & U0/~ 7. XIS 19134 B C O 24 fw A3 FAR T B FAIERE,
FEATD VA COFNEE, 250 TH 5. [X5.200%, KS519DFKBHETOFMREORFITH D,
FIRFEIZ BV TR, Al S CIEEE A7 A o OmEfE % KD TEREF L 7o fililigs 2y BUMEREZ R LT
WDH, BREF LT & R D S CIIM RSB LT 2R R oD, —TFF, ET D GS/HLIT
WTIDOBHEIZIBW T, BIFRFHERE L, FEEO ETFIEERS L OBINEE ORFIZI VT
%, GS ZITORWHEIHNZ X THT~13%IF ERVWEREZ R L CTWA. DlEXY, BHIZK D 7 oa
VARV a— 0 T EITOD, GG EERT LI LI THDL LS.
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(b) Lateral acceleration (Road case 3)
Fig. 5.18 PSD of acceleration (V=120 km/h)



FS5HE BHHICEIDIHGHEATITIAOEEBE LT 7T 4 TH A a3 VOilHIR*E

NonGS/H(V,,) HHGS/H.,

||:| NonGS/H Vi)  FANONGS/H V)
0.6

N
[N e Y

e
—_

RMS of acceleration [m/sz]

[«]

Vertical Acc. Lateral Acc. Vertical + Lateral

(Road 2) (Road 3)
(a) V=20 km/h

S e
> U o

e @
—_ N

RMS of acceleration [m/s?]
(=)
(US)

=)

Vertical Acc. Lateral Acc. Vertical + Lateral
(Road 2) (Road 3)

(b) V=70 km/h

e 2
(9, BN

e
~
|

|
|
|
|
|
A - [I—
|
|
|
|
|
|

<
[\
|

e
—_
|

RMS of acceleration [m/s?]
o
(98]

0
Vertical Acc. Lateral Acc. Vertical + Lateral
(Road 2) (Road 3)
(c) V=120 km/h
__ 06
£05 |
€ 04
£ 0.
5
o 03
g
« 0.2
o
€ 01
~
0
Vertical Acc. Lateral Acc. Vertical + Lateral
(Road 2) (Road 3)

(d) sum of 3 conditions ((a)+(b)+(c))
Fig. 5.19 RMS of acceleration (Each speed and sum of 3 conditions)
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