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TABLE 1.1 Classification of the aerodynamic forces and effects on the vehicle performances (based on
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e

Ag A, aerodynamic lift force at the front axle, and at the rear axle
aero-lift force with air volume added mass at the front axle, and at the
Af Af
rear axle (Af = Ag + maaeZs, A = Ap + MaqrZy)
Cas, Cyr aero-coefficients of front and rear

CAmfG: CAer: CAmfz» CAmrz

coefficients of aerodynamic inertia of the axle based on motion with no

dimension

CAchv CAch» CAcfz» CAcrz

coefficients of aerodynamic damping of the axle based on motion with

no dimension

Caktor Cakror Caktzr Cakrz

coefficients of aerodynamic spring of the axle based on motion with no

dimension
Cp drag coefficient of the vehicle
Cis, Crr lift coefficients of the front and rear of the vehicle r
damping coefficient of suspension at front (for one wheel = 2400 Ns/m),
¢ Cr

and rear (= 1300 Ns/m)

Ct9, Ctz) Cro, Crz

coefficients of the aero-damping at the axle to motion with real

dimensions

coefficient of reversing the sign convention (only at the rear axle in pitch

Cro
motion, = —cyg)
D dynamic pressure of vehicle running velocity (= 1/2pU?)
f frequency
fr No dimensional frequency
Grr, Gy gain of measured load in excitation test at front and rear
G Gre gain of measured load in excitation test at front and rear at 0 m/s
Gas, Gay gain of aerodynamic force in excitation test at front and rear
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ke, ky

spring coefficients of suspension at front (for one wheel = 30900 N/m),

and rear (= 28400 N/m)

kar kfzr kre, krz

coefficients of the aero-spring at the axle to motion with real dimensions

coefficient of reversing the sign convention (only at the rear axle in pitch

kre

motion, = —kg)
L length of the vehicle (= 4.228 m)
Ly length of the scale model (= 1.057 m)

length from the gravity center to the front axle (= 1.050 m), and to the

lg, L,
rear axle (= 1.590 m)

Lwb length of the wheel base (= 2.600 m)

IMwb length of the wheel base of scale model (= 0.650 m)
m body mass (= 1376 kg)
Maaf, Mads air volume added mass of front and rear
mume Mmr scale model inertial mass of front and rear
body mass of the front axle (=m - I./l,,= 847 kg), and of the rear axle
meg My

(=m ' lf/lwb: 529 kg)

Mg, Mgz, My, Mz

coefficients of the aero-inertia at the axle to motion with real dimensions

coefficient of reversing the sign convention (only at the rear axle in pitch

Mg
motion, = —Myg)
Re, R, excitation force at the front axle, and at the rear axle

excitation force at the front axle, and at the rear axle at wind velocity of

Rf” er
0 m/s

R¢, R, reproduced excitation forces at the front axle, and at the rear axle

S frontal projected area of the vehicle (= 2.208 m?)
Sm frontal projected area of the scale model (= 0.138 m?)
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St Sy suspension force at the front axle, and at the rear axle
first-order delay occurring for aerodynamic forces according to the
Tl"Z
heave motion with no dimension (only at the rear axle)
U wind velocity
Zp body displacement at the wheel-base center ( = (zps + Zpr)/2)
Zbfr Zbr body displacement at the front axle, and at the rear axle
Zrd road displacement at the wheel-base center ( = (Zpqr + Zrar)/2)
Zrdfr Zrdr road displacement at the front axle, and at the rear axle
body height to the road surface at the wheel-base center
ZX
( =2zp—zra)
Zyfr Zxr body height to the road surface at the front axle, and at the rear axle

%
Z;r Zxfr Z;r

No dimensional heave displacement, no dimensional front height and

rear height of the vehicle

0y pitch angle of vehicle body ( = (Zps — Zpr)/lwb)
6rq pitch angle of the road ( = (zrqr — Zrar)/lwb)
body angle to the road surface at the wheel-base center
Oy
( =06p—06ra)
p air density (= 1.2 kg/m?)
time constant of the rear axle at the heave motion with real dimensions
TI'Z
(Trz =Ty L/U)
Twb delay time of rear road input after front road input (= l,/U)
Prf» Prr phase of measured load in excitation test at front and rear
Ore Pre phase of measured load in excitation test at front and rear at 0 m/s
Datr Par phase of aerodynamic force in excitation test at front and rear
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Subscripts in Cy,c,k,m,f,S,T,t
f front
r rear
m inerter
c damping
k spring
0 pitch motion
z heave motion
- reversing the sign convention
* no dimension
ad air volume added mass
M scale model
wb wheel base
Subscripts in A,C,LLR,S
f front
r rear
+ with aerodynamic added mass
M scale model
‘ at 0 m/s
“ reproduced
wb wheel base
Subscripts in z,0
b body
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rd

road

X difference of body to road
f front
r rear
Subscripts in Gg, Gy, Pr, P4
f front
r rear
‘ at 0 m/s
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1. il
11 IRER
1.1.1. BEEMZE N REM LICH TR FEE

HEN B OMEREICKIL, BREIOFNAS KIET B ZIEIH720 (FIG. 1.1), BRI L% - TR
TEPE~DRE, JAUE ORI DFRIE~DEE, =P "o Ay gl T —F 2T A VAT L
BLOWHPERR~DEE, EITRDOBENEBZALRLT AR ARy T IANZ LD PN ~D R, WitiL-vA
IR ECE DR BN A~ DR, FLF ANBEIUCEIDWARGEIEE O F B L, IKFEHICHES (BB
DIEAUCBIDOAVEREZMREL CT-RL T\ % Hucho, 1998; Schuetz, 2015, 35X OMIEZH#AHFEL TV % Sumitani,
2007; Maeda, 2011 #Z#) .

ZOHTY, REPERRICREBID L2 [IRPLOARBAERINOD R EZRFRETHY, EHLTHFEED RS
WCET-. ZORER, EKIRPUIRESEN oS, ZRIEGURE Cp 23 0.24 % FEIDHE O KBS ATHE
L7 TETWD (FEEORLE DL T, Palin et al, 2012; Kitazawa et al., 2016). ZDZEXILHURIEEHIZ,
TR T U U OVEREN BB E S TRV SR CTOEITRIREL 2> TE TS, L LRnss, HE)E

DOHEFVERER] EOERITE FHT LN, EATREDNEV S BEEIT OB 55T, SERLMEM

Running stability Fuel economy
Aerodynamic dra
Aerodynamic lift and y 5 Sff‘_ftS_’ )
side force (visibility)
Water management
\ Wiper float
Driving
environment

Dirt adhesion

Noise _
Wind noise Cooling Comfort (snow, dirt)
Wind throb Eng., Air conditioner, Wind_

Brake, Transmission entrainment

FIG. 1.1 Aerodynamic influences to the vehicle performances due to the flow around the vehicle body (based on
Sumitani, 2007 and Maeda, 2011).
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BB EEEATLEMER ERE ETU RITROLILTND. mEET TOXVL R TRIEREITDZDITIE,
L ENER BICFH G T 22K NI D RO AL LETHLEFIRSNTERY, HEIEOZEVERER LIZBITD

WO EIFEY, BRINCEDEITLRENEDN EEIroTNA.

112 BERAICKDETREMER EADETHR

ZE RN XD EITREED B EOMLEMENE ESTNDHIEND, B SN2 EHFIZRBWT, 2R %215
MU MERE M EHAR A ZEE ANSITWD. fERNLOMRER EFEELT, ZZRY7MIIZHE H LIZAR
AT— (TR MR T TRNERD T T 7L 72 —K, VY RI0 7 Lo 7R, i3V vhoo 7 k-
D77y MEFR) D EIZED AL TE 2, b—RH [l TIE7 By MU RERIR, U v A 70, AT
RAARELTUT B ANSIL TS (B X 1E, Nastov et al., 2019) D THY, —ixH72RAFIZEB T, 71
VIOV OARAT TR (B 21X, Araietal., 2015) X2, UV 7 7B IRIC LD AR AT —5h 5 (f1
Z 1%, Mayer etal., 2011) 28, FEARRREATREME R EEMTEL TEHIL TS,

INBDOZERY T M0 BT, ETIE, IAOELARAE R DR, 28504 B KRN,
B 7ol K AMERE R ERS ALND I/ o TETWD. ERDARAT —LITEIZE )T /A ALLT,

FIG. 12 \ZRTI5RT AT LWL TETWD. fitimaFH Lk &2 iRoE TEBZMH 2R 7o

Aero-roof Aero-fin
(vortex generator) (vortex generator)
N S—— Y

_ O O
%/__@__,/,i»

Canard g@ Wheel house spoiler  Rockerfin Rear diffuser

(vortex
Wheel house outlet generator)

FIG. 1.2 Recently aerodynamic devices for improving the vehicle dynamic stability
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AV R — B REFFO KT (T A FARORN T I A = XL —ZDFIE LT, Saito et al., 2012), A
NND BN DN Z TR LA B 2 INZ DRANVETA T —RIBIR, RANVANTAARAT —, IRANV NG AT TR
Y MEE, BRONEAL—XIZHR T ~EVRNELESEDIR TV T 47 2—H (b FEFIEL T,
Nishiura et al., 2013; L —AH CTOH{ Nastov et al., 2019; AA /L AT ATHFEALO fEHTHREHI Pinheio et al.,
2020) 22 ERHD ADIN TS . ZRHDHFT LV VETTLENER LRIE, EHETEE BRI 7N IOR %P
ZISFHNT TIEZ DR RZE T IR TERNIEN L, EBED B PHIE O o CIIET R -~ 7o hdifb
1T TND. ENHOFT LW A BRI RAEIAT5720121%, 2RI ORRIZE0LE®), ANk 2064
LWtz IEEF RN ETHE B U T2 ELE 2 b5, JAA IO - e AT T
RN, Bl A EROPRAUIMBORCELN ST A, TRALD FIBE- #2210 R TR LFIZLVIEE R
ZERANDFEAEL, DNV IpIpnEEZbND.
B O EATVERBIC BT D22 RS OFEE A 53T 5L, TABLE 1.1 OJOIIHTHZENTES. £TREL
I TBI, FERPHRHMBIES N TV D E 2257 (—ESAF T CORHRIEE TRENLBER NI DOKRES) &,
I B SV T DRI ZE LA Z 2 T2 IEE H RN ESND. ERELRSIOZZZEG(Cy) 1%, BREME
BICKEFEAE 52528002 OIS D 2SI TERY, Ak WZRESHERE R BB TWD. E
H22RYT M) (Cpp Crp) WTRIL TR, b —AHLE CTOMERER] EADAAED e HICh I Sh, Z v /)

ZRALSELHT L THAHERF O — B OJSENE - 2 E M L2 X > TRY, £ OEE) & O BIFRAEHT A3k L T

TABLE 1.1 Classification of the aerodynamic forces and effects on the vehicle performances (based on Maeda,

2011).
Type of aerodynamic forces Primary effects on vehicle performance
Steady (A) Drag (Cp) Fuel consumption and acceleration
aero- , . .
forces (B) Lift (Cps, Cpy) Response of steering and stability
(C) Side force, Yaw and .. . , .
Roll moment (Cs, Cy, Cg) Stability against side wind
(D) Fluctuating aero-force (D) Ngu;ral side Stability against side wind
caused by flow “;m .
fluctuation (D2) V\ak.e behind Stability at straight running
Unsteady vehicle
%g;gés (E) Dynamic aero-force | (E1) Road input Stability and comfort
caused by vehicle
motion (E2) Driver steer Response of steering and stability

18



IThIV TS (V7 M) s B E B A R A b & U CHE 2 72 Tomiyama et al., 2002, U7 ~Jj 22885 e RE O 1E
a2l —ar TREFLZ Cai et al, 2017 5%) . MG ROEH 22X ) (2258 - 59 —F— A b n—/LE
— A b:Cg, Cy,Cr) (ZOWTIE, MR EMEN E~OEM ARSI TEY, BAETDHE R 225K O
# (&L T, Howell, et al., 2016) <2, & 225 ) ORI IRF OO — « 1 — /L IEBE~ D IS Z R PEARAT (B L LT,
Maeda, et al., 1995) 2T TS, EITHICHIKER I OFBIIREL, #@Ulcarha— L4 52N HE
THY, TNETOEF LRI OB CTOMHT - RFHILY, BRI OEITLEMR E~OIE % RELL T
7-.

LU s, KO HE I EITICB WO TEIT SR —E T L TRY, AREOEL- iR R
JEWZEE L5 6, EHETIZLDMNOENEZ T2 6, SO EAMELCERAEIC L2 il EB) TS
AR Z LT B e S IRV TS, 2RI - BB 2 i ZUETT L EMIC B2 B2 T\, Zhb
DEATIREETIX, HWODTDRIZIRETHRFA R —ITEITLEMEDBENEZREL TIRY, 2255 DR HEZ
b ZEAZ 2 T MERE ) LN ELLE 2 B, TORIELD KON TS, 2R IN LD EITLEMEDS B

Bl DT, EH 2RI T QEER RN ETBRZ KT TR S LB EE 26N 5.

1.1.3. EEEZRNDOBETHETHR

FHEH 22T, TABLE 1.1 ICENDEI, ANSNDMNEBICID AT LKL, HloE
Lo TRAETLHERINNEZDND. ASNDINAEENT, BRE (L H 8L &) ORFRIZ(kIZED
bk, HENEH LRI T EIICE > THRAETDRNEB D AN REZHND.

A SRE DR ZALIZ WL, BERZE R 2R DA — N 2 — N D IRE H 7R BB O (Bl L LT,
FHEAT BT VBT ERICI DM, Kobayashi et al., 1988 <2, %l #1452 L5 M5t Nakashima et al., 2010
728) MEATOIVTE . TIUTHEE, 70X MIELT D BRI T 2IEE W 2R INEE (& A -
) EUTHEZA DMFEAT (F1E LT, FEHEIRTORET AT ML 2 FBLLIZIF], Cogotti, 1999, A5 T
JAAE B AT ML B HLL - MET, Schroeck et al., 2011, S BRI T H 48 R 2 (L% BB L7-RET,

Yamashita et al., 2017 Z8) 23 THOLCWD. F-o— RO RO F TH-TH, HEIHEFIROFHE THH KX/ 241
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TOMDIAEIZEDAOERITIFER ZEXNCHE BSh, 2O (FIEL T, FEHEEETO B hZE i,
Sterken et al., 2015 <°, BARLEA T H A Ef#T, Kawakami et al., 2015) b7 TN,

ZNHD AN SNDIRINEENZ Lo TRAET HZERSIOMHTIZIVT, BB HIH<Z25 ) ORI ZkIC
b AT RETHLIL, JARBUSERNE (T A < BNE) 2R > TWDHIE, TNOLDETLEE~G 2D
EDNNSIRNWZENERINTEY, IEEFHER OB RBILTEE THLIENRINTND. ZDOTEND,
TANVZEEN AT TIHRWRIOEKR E LT, BEREENZL > THRAETHEKINITHEIRPMLELZ 2 HNHIIIT

TpoT=.

114 BHTREITHIEEEZRNICEATHEITHE

B AEE) T2 LI Lo THXTIZED A F N ZbL, BB OWNVE b E I3 2805720,
TAVEB RO AT LIFRERIZ, FEEE 72285 (A BUSE R R 72 285K0)) IR AEL TWDHEERBILD.
HEENC Lo CTRATHIEE FH 2R INTOV T, TABLE 1.1 T/RT I, BEHERFO B i A XA HEE
B) (L FEM BT M) TRAETDHLDE, RIAN—EREIC LD RS (BN -3 —f - n— /L) THRAETD
HONREZHND.

EENCLAIEEE ZEK IOV T, Aschwanden D23, L —AHL [ & Xt S MEESR ( F RN - BT £4)
(2t U TR Sk 4, H B o AT R IR E 2 H AL C2HER N ZFH T 228000 bt
(Aschwanden et al., 2006) . ZAUTIBIEL TRHA B LG GELIZRETS M by, F2ETT TOMEGESR) O FHH
(Okada et al., 2009) <°, 52HLE\JA CTHEER) MR 9% 528k (Takeuchi et al., 2010) 23 THOI, FHEEH 22K[ D%
JEDOLENENHER SN TCUVoT, SHIT, EENCRDIEE TR DR ALZFELIEA DT80, BAEIRIZLS
HEE H IR ER (£ 2D RTRIC IV TH A ONMNIREAE AL CTEMSIL, AR TOMIR IR,
Kawakami et al., 2010; Kuratani et al., 2018; Maruyama et al., 2019 *°, SEHAREE L7~ H B FAR TR ZE
{EZRRFT LI 9E, Yamashita et al., 2011 %) 3 E7RSNDHIDNT/ 0> TE TS, ERO IR IS, T
FEOFTRBATOHEANT LY W RE LIRS T RB G R LD EE) CH AT DI & 22 1 RHT (Sato etal., 2011 %)
bATOI, FEE R 2RI DOFAEDHERNEERMIET —~ LU TRV 2STooTz.

EHIT, HUER) (BRZEAL I — 4« 1 — /L) (TR L TR M T D L0170, B FEBRIT LD REEEN IR

TOFHE GEARET CoOa—INIEEER, Passmore et al., 2006; H ByE AR CTOE - = — MK, Pascal et al.,
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2011; HENFER CoOo—/LIIEER, Nakae et al., 2013 28)12X0, IEEHF 22R[ 1 DIAEDOHER DRI T

ui

7

TS, HUEFHREICB WL, EE CRAETAIEE R 2R S DOMERE ST, HEEE OB AT [FFRFC

k=4

17041 (Tubokura et al., 2012; Ikeda et al., 2016 <) , EBEI~DZEDOHRL A SILTWD. Fiz, FEITTD
MR RO IEE H 72 ZE L FHA (Okada et al., 2014) HAT0I, EFEOETTOIE R RBIROIEAELZD
MR EAToTCWD. YL EDIDNT, EB) THRATDIFE T 22K OB TOMMT G TRY, IFEEHF
2EZN DA M=V, EATREME~OBEERGIEFELL GRS Tn5.

HRENC LS TRAETDHIFET ZZRINT OV TORDMAIE, BENE TOMRFHNIT D70 -7203, ffnices
WCIFLLHINGFELL ARSI TEY, JRRDOMINE &5 7% Z To A REEN S DWW T B 2 ST
% (B 21, Koyama et al., 1982). F£7=, TZZHEIZHB W THRIC LTS HED S TEY, VTR T Hiit
PEDBLR TORGEST BT DAL TND. ZNHOHTIX, FEEF i ih I1 & 1 EE x4 50 2 B L TiE R,
B LR ) ST E XYL A T THY, EAUTKIEE F IR O B4 EH O E(bE L TEEMIC
TR FTEEE L TS (Bl AL, M2 C oD JRRN IR 328 1 L0 25 SR E 2 SR 6O T D13 ES, Gergmann et
al., 2008, EEFIHEIZLVZER ) INEZ RO TODHRET, Ghoreyshi et al., 2012, 3R CTOIEERFO 22K )%
JEGRCTEHAIL E (LT D5 T, Ertveldt et al., 2016, M2 R TO 2RISR E L TEAIL T 2105,
Murrhy et al., 2017 ZE D3 UTAELFET HIVTND) . NSO ENT 7 iE%E H B~ 3528 C, #EENIC v RAE
THIEE TR BB ELCTERIL, EB DR A S 2 -T2 S MEL , EE)~O FEE E &I
R ZENTELEEZBND.

BURETO BBV HIZRITDEE) CRAT HIE T K[ ~O BV AL, EDOFAEZRERITHEAL TV
HHD (ZZFETITRLIARFH) DI LA LT, MOHIAHHE CTITHhI TODE57, IRE RIS L Tt 2 ESh L
DRI AT > TOBBNTD TN RSN, ZDDARNEATRFZEL LTI, Ogawa H(Ogawa et al.,
2012) 23, B F BN THRAET HEXR N ZFHIILERY VB T DR LR, ZBRF e 7R R T
5. FDOZEIE T ORI IV ARy FIEE N T 528%, FERFIOEH)T I2— a0 TR
L%, F7=, Kawakami & (Kawakami et al., 2012) 1%, #E&E®h (L FEAL-EyF HO2H B E) THRAETLHIE
B ZER N EFHAIL, ZERUTR - ZERA T ZERI AT —H) ETEB R[S EUTRZ, WA
BALL TERIEL TWD. ZORERZ A, B A TSR3 2 B EE) IS E ~D B2 IS BB DZE e L

TRLTWS. ZHD Ogawa He Kawakami HOMEHE, BB CHRATHIFEF 22 ) 2B B LTt
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2, EEA~ORELINERABEL TERMET22EH TETND. LLRDRD, ERRIZIR TORBETTHY,

EEROHEFIIR, TERENTOE, ETREOLDIENEE Z T RETETIFEA TUVVW . F2ER 0 H B

FETOMERER LIZHMA TOLTZDIZiE, EERO B TR - fIEROTARE N L, EEROET A (1

I - B AN COEE)) 25 LT M7, SOIZED DL ENKLETHD.

TABLE 1.1 THHEL7=Z25 10 HEEER ~D/E A%, KX T FIG. 1.3 ("7 . ZZFETIORLTEZL)

c, = pL

, BEWERIIBVZN, C:R) -3 —F— AN, MNOEENZIVIEETHIEE T 257 (D1 : AL #H),

D2: H RN ZEE) IZOW TR BTN LR ENTHWADITKL, BHRLZE91Z, HEE TRATHHE T 2K

51 (E1: fEE®h, B2 : H0EE)) (- OWTITEZ B LD, EEEO HH TR ANSIL TWAHT LW ETT
2P R OBEN T TEQORW DI, ZOMEE) CIAE T AIEE F 22K O BAR+4572

oD EBEZHIVD. B AT] e CHRIEEER N Z 725 IRV T, 22RO RIT—EEITRLVE K

SNLELONTRY, ZOBUR TOMT2HED 52 TE OB TREL 72D, SBRLMEREN EH Al REIC R0 E

BEABND. SO BEEOZEVERERBEORVMAT —~E LT, EFICHETHD.

TEE)CRATHIEE T ZER L, EEEO KA AN LAHGER) (E FEM -V F/A) TRAETIHD
(E1) &, RIA/R—HEfE I LAORER) (BT I — A -0 — /L) TRAETIHD (E2) 130, LbloEfrae et

Aerodynamic forces in

running condition
Unsteady

——L— [ : 1

B Lift C: Side force. | D1: Fluctuation by ~ E: Due to vehicle motion N
front/rear yaw moment natural Wind

Steering B . D2: Wake Self-excited Aero-forces caused

response Side wind fluctuation Flow change by flow change

/stability stability 2 =

Lift force

Natural wind

Wake

due to . B =
N
A ‘ \ ) Wake

&
m Side wind

Flow fluctuation

(Conventional)

(Flow input)

E1:Road input

E2:Driver steer

Uner flow
change

FIG. 1.3 Classification of aerodynamic forces in running condition and focus point of each aerodynamic force
to the vehicle dynamic behavior (based on Maeda, 2011).
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DEBIIRZOD, HEEB)OVCOREHTO I7 05 EB O [t D7, FRR- T AL TV EE R DD,
ZDT), EFTHOEIIZHOWTOMFIZHED, £ O R B2, BUEBIOMRFIOED HFIEA RV EE BN
%. MEEB) CTOIEER 2RI ORAEIZOWTIE, FIG. 1.3 E (R TIHRBBUCLDAN = A LNE 2 HND.
B A TN T I DOY A g PINE LB IR T — N EB) A 2L, £ ORT —EEIZ L0 #Hl =) O
NNz, 2RI, A EOMRAUANBORLELN AR AL, o RIBE- ik D28 k- IR
TIMEZRENIBIY, ZNI o CIRER 2R NI ETDH. ZOK, BEIHEIZEBWTE, £ORRN
TR IR SLERMIAR T4 TR RIS K ENZ L, i & Bl PR 1 0D [ R 28 B it (AR ) et o 20 SR 23 56 A=

LROTNZEND, HEEFHERSI DI ENRELIROTNDEEZLND.

12. ZABARDEN, BE

ATE Tk ~72 3912, BN LHIEE H 22K IN R T DM A TFFEED SN TETOD, FERFITO
HERBETINELALETHY, EETHERNEIEREEL CTERILEI TS ToRFHIE T Thb. 207w,
EEEOHE TR ANLIN TODHTLWEITZEMER RO RITHONT, RIAN—ITELLNLHDD,
EBIIIIRTZENRTETCWRNEEZLNDS. TRRIEWICEDIFEF 22RO b2 E R E L TR
TEMNTEIUL, EB)~DORELEBIIMITL, R BB R E(LTRT LN TEDLEEZLND.

ZZTARMIETIE, ST EBED FEBR AT O LT W EL W EEE) (B o - BT EE) 25 2, B
AN EREUTEE CHRATHIEE T ER N 2R, AR RBEEREL TERLL, EE~5 2 2%

EBINR TR FEORTEATo72. ZOFIEEZHNDLIET, HEROMHEL TRT A3 —2EE
DIEE~DNRZ, FEAEZER S DEN - TEEZEF OENE L TERMIOR T ZE2 BRYEL.

ZIUTKY, A FTEITRBR CTORTAN—DEE I L > T T2 T Bl B R 4, JER BB AS F o -3¢
FEATIC LD E R BIFICE X DLV TEDEE 2 BIND. T LT, TOH /e MEREBRTE LA, K0iEdhMRE
DEWEE ORI ORNHIENFFTED. IHIT, AFTEOFNTHE RARGEEN KL Th#E AL, HFEN
KaIBIZJRT T ZEL ATRETH .

AWFZEN AL, Kawakami HOFEARRYZRET /WL DM (Kawakami et al., 2012) ZSHIZHED 726D THY),
B 1 A ) RE D BUHEES) (| T - By ) bR U, BURFZEBREEE T, ST EB R, UGt

Wz, LT ONETIT>72.
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1. A TORRINIRESRIZED, S8 THRATDHIFEH RN OFHULISERBEA~DENL (F2HE)
2. HFEWERNEEBUCEBISEBEBORH KHRYIT 2l —ailid, Bl ARSI 5
AL E BBIRNT  (F535)

3. SEEATHEBEVZEBOFHH - N7 AN =Rl LD RS ROMGEES, HEEH 22K D

Mﬁg
1&&
op
il
EE
iy

W JE DO HISEFHINC XD B L (F45)
o, LT ONEZARFEOFBIMEL L THT -T2,
A)  FEEEOHEMER (RANRLHRA NN NG ZETHRBLLTAY) THRAT HIEE H 22K T O
B) MIEEAR (5 BIIEM/L—7 L) TOIREH 22K, BIOEE~DZ MR
C) FEEATEBFHANC KDMHTHE ROME
D) FEREH ALK O H R~ 0D 5B R R AT
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2. B TREITIIEEEESNDEHAEERXE
2.1 REREBELEBITFIE
2.1.1. BE AR MR O E

W] OJEENZ K> THAT D[N 25T 272018, BN TOEMNAIIRFEZFRZIT, BUEFVEL T
DIRAT E AN DAL a2 07 5% e, BB O R4 E 2 B8 L ORI AICER B L, PR
L7 BB Lo CTHEH 9 2 & #HHIL 72, Yamashita SO CTHOWSIZRICRE T1To7= (FIG. 2.1 (a),
Yamashita et al., 2011) .

B AN KD Bl AR 7 — @B DV 22K AT D0, A OBLENDITR T — L O BEEfE O 28
LI IV 2R A5 AETHERZOND. IR ERIZ WX, Bl EE L (RIRO #m B3 @ 7aun) R
RECHLMA T —ZIRL, ZOEERFORNEE B, Bl LORA AT AE TR LI EET D
HEEAROD 1/4 0%, BIUOSE; RO AT 471, iz iLE2nd) dHiz Bl S TRREL T
W5, L2 BRI, B o/NLEGRCHY, 7y F o7 A —7 BT, REHLA IE 1.4 mX 5

X 0.7 m, PIEHES 2.0 m, EEHEHR T, T VEIHICTERE R IALEZI TS TS, BHEFLETO

R at 20 m/s <+— Difference is
' i [ ' | aero-force

» A

Excitation load

R¢ [N]

> 4

Rear excitation | R s [, | g
X itati force(R, | e o
Front excitation (Ry) i d k

; " './ . 2 2 T T T T T y 3 T T T
force (Ry) T scae ) - at 0 m/s <
s } ! i ] i i ) I I
w=55 model W=441 20 205 21 215 22 225 23 235 24 245 25
= 373 Time (s)

Load cell/ (b) Example f_or measpre_ment results of front and rear
I displacement loads in pitch excitation

Pitch and heave"g% sensor (1.6 Hz, 0 and 20 m/s in wind velocity )

excitation

Excitation system

(a) Excitation test in wind tunnel

FIG. 2.1  Outline on the measurement of aerodynamic forces caused by pitch and heave motion with the

excitation tests in the scale-model wind tunnel.
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B BIESIE, PERREST 15 mm, KRR T 20 0.5 °CTITV, KR S BT IC T T o7, IR
BIZED, HlART —ZEM AN L TT7rr NP EEIC A A 52, B FIREE Y FIIRE{T -7
(FIG. 2.1 (a)). WERSHIZWM EHENI T, e b UV HEEhI) DD (Rg Ry) 2T NEHAIL, FIH 0 m/s

HAVOYA DR EAEE 70NV 2R (A A) ELCERAIT 2 GHIIGIELC, By FIE 1.6 Hz T
DTN/ VY EHIR EZ, B 0 m/s & 20m/s DA ORRY|F — 2% ERTRT, FIG. 2.1 (b)) . FHHKE
A D 57210, —EFEETOIMRIZE > TREINEMEL, OB EEEE ST RE G,

BRPSE R L L TROD T B AV,

2.1.2. RERPEEY

IR BRI WA X, SBAET 5/ NNy F Ry 7 BEORE O MM L1 /4B EE T VA2 Wz
(FIG. 2.2) . MIMEZMELRL SO E L TRV, HARIART —HOE &L 59 kg, MEHEEOoT—RE/LED EO
AIERE A R LAY E &I 11.9 kg (Zar MRSy (myg) 6.8 kg, V-V INIRE Y (my,) 5.1 kg), A

WEEET 20 Hz A L THD. BRANVSN—Z Iy 7 2o MRS S Y INHRE0 BEEE) 1% 0.650 m. ZA¥I3AR

Protrusion ) Bodycase«| Cp | Cpe | Cpr
v Protrusion

265 Without the
A —

protrusion . | 0-275 | 0.028 | 0.028.

With the «

373 | protrusion« 0.307 | 0.041 | 0.035+«

Cp : Coefficient of drag

Cp¢ Cpy: Coefficient of front and

5 < £ rear lift at steady-state
—

(b) Steady-state aerodynamic coefficients

(c) Wheel-house, wheel divided to body and
model support strut through the wheel

(a) 1/4 vehicle scale model and the protrusion

FIG. 2.2  Tested 1/4 scale vehicle model with wheel-houses, the protrusion for comparing case and model
support strut. The steady-state aecrodynamic coefficients are shown in comparing two cases.
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METBHALL, BEARICEE, AT — LI THLRVEIRE L TG, BEIR T —D Y, 4802 A
YOWNEHZELIZANT YN TITW, N AZELSRWN TR IR TELIOITREL T2, JRIREE LL T
ABERZS B TH RERIMAEAZELZL, 720, ELNORES - FFBESO L ELHER TELHBREL Tk
BRI B oo/ —7 6060 10 mmx10 mm DOEEZHRE L2, ZOIREE TOEF V7D AZTRELL

(FIG. 2.2 (b)), EEHFELRIIDZET T TEEEDEITTCOREEZRTHOITEHLNEE 2 HD.

2.1.3. IR - A EE RIEE
B FAINERAEE X, B AR A LT AN O AT Ory R TIFFL, ZOayRIChh 5 EAFHIIT
X5E A SO —RENE, ZOr—RKeLEHEHE T4 OO BB LT —F TSI TS (FIG. 2.3). IR
—RiL, EF-EyFOEEMRENATRET, 4#iE-E+20 mm, 0.1~8 Hz ETONMIENAIRETHD. fiH
OFHANE, ERAOEFEcE LA AT E (EEHEP0, EFHE (U7 R)) B4R 2 LG FTRECHS. ryRIC
FOELNFE LTS 720, wy IR BRI B E SV TODZ AT &5 4imO N2 BilSE 0D, ry R
IR LTS TRY, Y 7O FEN S MZZNENEZHZET, BESIIROWNLZ X > TWD. By FiEH) T

D7 r )Y O RO 2L, Uy ROBETRINT 5L TS,

Hide excitation system and rod under the
ground and inside wheels Motor excitation and load measurement

: ’ Exxitation system 1

e Excitation
Flexible rod: consistent of fixing Excitation Toadlcel I AENS st
and excitation base Support ILE ‘ Load cell
spring C ﬁ
Support for Base
excitation support | e
base and b e s Motor
spring J base

/ i

Excitation eccentric motor Excitation eccentric motor

FIG. 2.3 Excitation system including the force measurement system, with eccentric circulate motion motors, load cells,
excitation bases, and support springs.
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FIG. 2.4  Definition of aerodynamic forces of front and rear caused by pitch and heave motion in this study
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1. Measurement of excitation loads at a frequency in no-wind (0 m/s)

08

—meZg .
No wind, & 9 04
----- 3 arer -04
s
ZXfT lzxr i 2 sl

R¢ Ry -

lyn/2 lwh/2

3. Measurement of excitation loads at a frequency in wind blowing

Withwind  — 77047
u :

/2 Lun/2

2. Response gain and phase are
calculated from time-line
data in a single frequency.

Rp = Gpe - sin27f + @re)

RII" = G}’?r *sin(2wf + (p;?r)

4. Response gain and phase are
calculated in wind blowing.

» Re = Gpe* sin(2f + @gr)

R, = Gg,- Sin(znf + (pRr)

5. Gain and phase of aerodynamic response in a 6. Aerodynamic responses in several frequencies
single frequency are obtained by subtracting the are measured and combined as a frequency
response in no-wind from in wind blowing. response.

. *For an example
' . 10
Af = Rf‘ - Rf = GAf . sln(ZTrf + QDAf) » 101
Ar =R, — R{ = Gy - sin2uf + @yp) GAI‘ 10°
107
1072
0

7. Formulated aerodynamic response is obtained by
identification with least squares method from
measured discrete values.

Par

Arg(s)

) MpgS2 + CrgS + kpg «

-180
*For an example

FIG. 2.5 Process of extracting the unsteady aecrodynamic forces and formulating to aecrodynamic response

functions by measured load data in excitation tests.

32



22. SRR EREAHEH
221 BEREMIRFORNETERE

EENZ LS THATDERN &S E R EL U CRHAIT 272018, BmERIOE Y F - E TAIRE T
7o, AigERO BN £2.5 mm (BT AZ{0IE, £0.44°) T, MR %% 0,0.2, 0.4, 0.8, 1.2, 1.6, 2.0
Hz, JE#Z 0, 10,20 m/s TITo72. TR — A%, AR OV —7 Felim 28 OV EL 02 — A&7 o7z,

NHRREOTRNDOER T DO —Hil%, v F 1.6 Hz MR, EUH 20 m/s TOZREDOHVHELIZOWT, EHIZED
AL G ECRT (FIG. 2.6) . 22 EWG AT, V—T DFINPAL— R CTERE DTN DT, 22
EDOH LA, V—7 DN ENEEDTALIEES, ZORRNWGEEN RENWZ LN DD, NHRIES)IC
T, B HEA~EDIAT IRV ONZ RIS AL, EORBHINDBIRD AOL5008, SEEL
DAL, INEWRTAED LU HER TED. BEAVOLEIL, BIVALBZREVHHEL TULT-Z0E
L7RNWZENBLEESND. ZOWMAVEBOEVD, FEEFE ZERSIOFBEDENEEATNDEE ZHND.

IR I, &4imod b RN E E T RiE% 100 Hz, 100 s TEHAIL, ©vFENL(0,), BEO L FEAL
(Z) \ZKFT 270 MarE (Ry) , V-V AR E (R,) DISEE LTI T 5. FIG. 2.7 TR T IOCH B L ER

T5L, FHAIESNAINER & (R, Rp) 13X, 2(4),(5),(6) THTZENTEXA.

Re = —mgZe + Af = —(m¢ + meq)Z + Ap = —(mp + Meaq) ( 06, + Zx) + Ag 4)
.. .. lwb 5 ..

R, = —myz, + Af = —(m, + Mrad)Zr + Ay = —(M; + Myaq) (_Tbex + Zx) + A, (5)
Ox = (Zxt — Zxr) [lwb>  2x = 1/2(2x + 2xy) (6)

N4 B (R, Ry) V3, BB ME ) (—meZp, —m,Z,) 25500 (AF, AT Z R LA DETZHL DTS, 225K7)
(Af, AN 1E, JEGHDN NG & THIIRIZ L > TEIN SN D2 KT INE B LD T (—mpaqZp, —MyaqZy) &, T
THAETDERT (AL Ap) DT 2B A TODEEZBND. LLRE, AWFFECTHl 452250013, BUR
DAVELDENORDLHIZD, ZOZELSAMINE RIZIDZERNIB BINR. TORBEOAELHERTD
72, FHE EOBIVE BT I DEMES) (—mezZe, —m,2,) &, BURDN RG-S (0 mys) OFHIIAE (Re, R,') 22 Hik

L, FIG. 2.8 |ZRUT-. AMEL - B F 1.6 Hz NIIEOHAICHWT, #HEME ( FIG. 2.8 (b) ) &8I L5 EHAME
33



Time =0.0s
( + max pitch)

Time =+0.1 s

Time=+0.2s

Time = +0.3 s,
( - max pitch)

Time=+0.4s

Time=+0.5s

(a) Without the protrusion (b) With the protrusion

FIG. 2.6  Flow visualizations of smoke with pitch excitation of 1.6 Hz at 20 m/s, without and with the roof protrusion
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# The zero of Zyg, Zyf, Zy, O
is the first-set position of
the model.

Ground ~ &
plate Orlgln Of ZXf BX_aXlS

P
{ Origin of z, | Origin of zy,
: ! Measuring point of Ry

Measuring point of R¢ :
lwb /2 : lwb/ 2

FIG. 2.7 Definition of the variables at 1/4model excitation in wind tunnel.

S Rf
—_— 0, — R,
0.8 T T T T T 2
_o4p = 1]
g 0 _ 0
= o
& 04t = 1}
-0.8 - - - - - -2 : : : : :
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
Time [s] Time [s]
(a) Pitch angle (c) Measured without the protrusion,
at Om/s of wind velocity
2
= 2 |
~ T 0
o S I“" " “'m oo !
< £ -
<
-2 L L L . . -2 L L . . .
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Time [s] Time [s]
(b) Calculated without the protrusion, (d) Remained by subtracting calculated
at Om/s of wind velocity from measured

FIG. 2.8 Confirming no-effect of aerodynamic added mass by comparing calculated value to measured load value

in pitch excitation test in 1.6 Hz at 0 m/s.

( FIG. 2.8 (c) ) &L, FHAMED DR RAEZ 5V 2 75% FIG. 2.8 (/R TS, ZOZEHIRIT LS, AF
FEOHTIE, ZEEKATINE O BT E ED DAL THRMBRNZ AR TED. E7z, NIRRT HEREA
Ny FEAL (), FTATHRANR—=ZFLD EFENL (2) \ZDOWTE, FHEIL7- 7B NENL (2y) , VYA
7 (2) DHR(6)E FANWTHRE L TRO TS,
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0.8

-0.8 . : ,
0 1 2 3 4 5
Time [s]
(a) Pitch angle
5 T 5
Z =2
o o
= <
5 -5
0 1 2 3 4 5 0 1 2 3 4 5
Time [s] Time [s]
(b) Without the protrusion, Om/s (d) With the protrusion, Om/s

Rf' Rr [N]
Rfl Rr [N]

Time [s] Time [s]
(c) Without the protrusion, 20m/s (e) With the protrusion, 20m/s

FIG. 2.9 Experimental results of the front and rear measured forces (Ry, R;) with pitch excitation (6y) of 1.6 Hz, at 0 and
20 m/s, in comparing models without and with the protrusion.
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FIG. 2.10 Frequency responses of measured forces (R, R,) by pitch angle (6y) in pitch excitation of 0.2-2.0 Hz at 0, 10, 20
m/s, on the model without the protrusion.
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R¢',R,": The front and rear measured forces in excitation at wind velocity of 0 m/s

ZFDIZNERHUTAE RS FIG. 2.11 &7, 7u MEKAREITEE I IO TIRE—E, AHIXEE
0°THY, BN CHRAETDHLER S (ZBRILR) NET, By FIRICH L CGEB 2L T 55 M ZE &) 23M#<
ZENRDND. VY ERINIE D ENEEISET A NEINLTEY, IiRERE, I Fl L7225
(ZERE T, 2ERAT =) PEL T DEEZE R NS, ZOERANREVEEIR CIIAFAITIRIE 0 °T,
vy FEEZ RS ) Lo TR, — I RJE I ORI L M EE DS NSWEIFHTIE, A7 180° 123 e -

THEY, BAAZHAILIZZ22507 (225UL) 128D, By TF2RET222K[ M TN DHEB 2 Hivs.

3 3
= 10 T = 10 T ]
£ g
{ 2 G = o600 > 9 10 m/s
Z 10° Z, 10° } S 20m/s
£ O—6—6-000 £
S 10"} S 10 O e 1
> >
2 S
= 10 . =~ 10 '
= o 10° 10 10 10° 10’
Frequency [Hz] Frequency [Hz]
— 180F 1 — 180} m@@
op oo
(0] [}
Z =
2 of o—e—o0eeo 2 of
= R
2o o~
< <
~-180 . ~-180 .
T 10° 10 T 10 10° 10
Frequency [Hz] Frequency [Hz]
(a) Front aero-force response (b) Rear aero-force response

FIG. 2.11 Frequency responses of acro-forces (4, A;) by pitch angle (6,) in pitch excitation of 0.2-2.0 Hz at 10 and 20 m/s,
on the model without the protrusion..
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FIG. 2.12 Normalized frequency responses of aero-forces (A, A;) by pitch angle (6y) in pitch excitation of 0.2-2.0 Hz at
10 and 20 m/s, on the model without the protrusion.
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FIG. 2.13 Normalized frequency response functions of aero-forces (A, A;) by pitch angle (6y) in pitch excitation of 0.2-2.0
Hz at 10, 15, 20 and 25 m/s, on the model without the protrusion.
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ZETITRATZHEICRY, BN K> TRATDIE R BRI ERBEL TR T IENHRETH LD
EVERTE. ZOHEEZHNT, JBIREN (ZEEAVEL), IRESOEW (CyF ML B NEA) ITED
FEEH LR IIOENEHALINNIT S, IR —AIE, V—7 B EAVIELD27 — R 22T, ZER G
BB O TS . B T M OE N, By FIMIRE EFIMRICOWT, &l B FEA £2.5 mm, IR

JEWE 0,02,04,08,1.2,1.6,2.0 Hz, JEG#E 0, 10,20 m/s DZ{ETITH.

231 EvFEBSREIALEDRRLE

EYFIRIZENT, ERAVELDZEK IS ERB O a21T o7, ZEEELI, FIG. 2.13 IZBEITRZE B
HELTRLTNDDT, BEAVIZOWTS, AR A ML CTESIISEBEBER L, ZORR
% FIG. 2.14 (TR T. 7ur M, EFREELLFERTHL03, VPIRZEEEEL DI RS BB %
DILTIEVABDOILD. IGEREOFE X, RELLFMIZ, 7rUNIEKL 7 - IXRET, Urix

22RA T —HETOBRIZEVEREATETND.

0.488 s + 3.85

10 = o =S VW V!

—0.632 s2+2.17s—1.06

Measured 10 m/s
Measured 20 m/s

Cus/ 04 Gain [1/rad]
Cyr/ 0y Gain [1/rad]

10
Frequency f* [1/1]
180 o5

107

x Phase [deg]

—180

C,./ 0y Phase [deg

Cas/ 0

107 107" 1072 107"
Frequency f* [1/1] Frequency f* [1/1]

() Front response to pitch (b) Rear response to pitch
with the protrusion with the protrusion

FIG. 2.14  Normalized response functions of aero forces (A, A;) by pitch angle (6,) in pitch excitation of 0.2-2.0 Hz, at 10
and 20 m/s, on the model with the protrusion.
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——— Identified without the protrusion

— = — Identified with the protrusion
2 s
= S
e < ¢ 7
+11.6 1.19s5—-0.519
= 0.920's + 3.98 = SRS
= s 10
S 0 © 0
& 10 S 10 7 .
& o 0.488 s+ 3.85 < iy W/o protrusion
~ ~ —0.63252+4+2.175s—1.06 f :
3 el § w0 , O
107 10 107 107 '
®8 180 e RED 210
o o .
— o, W/ protrusion
i o — i 00—+ 0
< 2] Tng
[3°]
£ £ =
§ -180 < 180t (c) Effects 'of agrodynangic
S 1072 107" \; 1072 107" forces in pitch motion
Frequency f* [1/1] O Frequency f* [1/1] (Image at 6, > 0,
(a) Front response to pitch (b) Rear response to pitch 0.1 in frequency f*)

FIG. 2.15 Normalized identified response functions of aero forces by pitch and heave motion, in comparing models without
and with the protrusion.

ERAVILO DT, JREEEFRI UK EICGhE ORT (FIG. 2.15). 7R NG IZIX SR L L
HOOZEFFIT /S, EHITEBIZEHE T D22 KUTRO N B BN TWD (T A B—E T, MAENIZE 0 °
T—iE). —h, VYINEIIRERENAOND. FEEBEL CIL, REE CIES) Ly F 2R 572
KRADFEAELTNDDN (FEAEDN 180 ©), =i AT /R D EMINIE Y F 2 R S REB TS (FZFEAS 180 ©4»

50 OEUHR, T AL E A TRERD) . VVINEDOZREAIL, BEBICELZITH 600, (KA
LEAEE TR R YT T T DI DMEN TS (RTAH 180°~90 ©) . JRE BAE DRI E D% H,
L&, FEMELUITZERA T —2RBDIRES, BERCE Yy TF 2R T NP RESHEAETD. ZRAVTIE, 251
TR EDNESLF DN RN IEL 72D, 28R U TREMBNL L7, By TR T D k7oA.
FIG. 2. 15(c)lZ, 2251 DF A DRG] A7~ SER STJE A 0.1 O (528 60 kmv/h A217CHJ 0.4 Hz #H2)
T, By FIEE) TR BT 70REE T, SEREL T, 7ul b U ELIZ EREOZEKIINREAEL TS

0, FBEAVTIE, 7ur bR ERE, UVIE TREOZERINNREETDHILIIRS.
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2.3.2. L FEHRESAEEORRLE
ETIROEGAEIZHOWTH, ZEFVIEL TOZERI)GEEZRD, HEE) 5 AL 5E W EHER L. FIG.
2.16 (2L O7 R, U ((a), (b) &, ZERAVDO Tk, U ((c), (d) DZERINEERT. 7a b

2RI TIE, SREAVHEL LB I B BIC I DB RO, @RI 01EE b T EE LR

St

D ZERITDRELIgSTND (FAL D EJE P TREL, LR -90 1Zit72d) . Vv DInElL, 7ar ke
VLT, bR IEENVENL G E I UEE T D2 RN AEL TS (FA AT/ NS, ALFEAY 180 °©~90 °©

Lo TND) . ISEBHBA~DOFRIETIE, 7arMIZeRL e 7 LEnT 4 Tho7=08, VYIicBL T, 2

— 2 = 2
< 10 E 10
= 0 —5.06 s + 0.503 =
.g 10° ) S =
¥ Measured 10 m/s
LR N 1865 +426s—0995 C
N 10 ~ 10 7 Measured 20 m/s
2 B 112s5+1
<o : : O 10t .
1072 - 1072 10 —— Identified
_ second-order
% 180 %0 + first-order delay
= S
o v — — - Identified
@ ) second-order
= <
o ~
~ -180 > -180 ¢
S 1072 107" S 1072 107
Frequency f* [1/1] Frequency f* [1/1]
(a) Front response to heave (b) Rear response to heave
without the protrusion without the protrusion
= 1¢ = 10%
~ oz P
= 10 5.62 s+ 0.281 i = 10 : -
= e s S haeseT— |
= 10 S 107 T T
S © 4135%+5.765—2.59
xx 10 R 10
§ N 348 s+1
= 10 : : £ 102
< s 4 < 5 s
& 10 10 © 10 10
=5 180 0
o0 oo
= s
= =
*[\:;< *t\:;:
N -180 = S N -180 ¢ - 5
& 10 10 % 10 10
Frequency f* [1/1] Frequency f* [1/1]
(c) Front response to heave (d) Rear response to heave
with the protrusion with the protrusion

FIG. 2.16 Normalized response functions of aero forces (Ag, A,) by heave displacement at wheelbase center (z;) in heave
excitation of 0.2-2.0 Hz, at 10 and 20 m/s, in comparing models without and with the protrusion.
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Wind velocity ~ Flow delay Relative velocity by attack angle

Motion velocity ’m __._.-v

- T e
'm@‘

(@) Flow response in heave motion (b) Flow response in pitch motion

FIG. 2.17 Consideration about the flow response around the vehicle in excitation of heave and pitch

RAT—HFHVELROITNZ, —KENLBET HLENH 72, FIG. 2.16 (b), (d) (ZHIE 2K + 1KEITIH
TE LT E B A 2 C/RL, TIRBNDZROBRIE 20 D 22 C IRl E LTz B BB IR CR L7228, RrlcZeie
AVDHEITENT, —IRIBNABE T OLEENHER TE5. By FEE TIIEAN LT 270, B
XTHWMAA LA AT b VY EEGIZFRHIE 2D, AV LS RIRFZ I A5, ZAUsxtL BT iEH)
TIE RIS T 2RI, 7u METIE R FEHEIC LM R E bbb Z T2, U
YERClE b FIEENC I AN BN EERLE T, 7o MOHNEL O REZ T Ciin B ka4 28
\Z72%. 2072, 7a MRS URFRIBNICZE RN E DN FET HEE 2615 (FIG. 2.17).

T FEBNCR TR ERACE, ZERAT—H, Fo Y, IFAUEIL (Camez Camrzs Cacts Cacra Cartzr Cairz) <
Iz, VXIcBL T, —RIEBIVURE (T bRV, X(12) oIoicERL TEbE 77,

CAfz (S) CArz(s) CAmrzS2 + CAcrzS + CAkrz
= CamzS? + CactsS + Carts » =
Z;(S) Amfz Acfz Akfz Z;(S) Trzs +1

Carz(s) Carz(s)
z5(s) 1 zx(s)

(12)

o EEENSH 2K OIRE RS (T, V)

CAmfzr CAmrz ’ CAcfzr CAcrz ’ CAkuJ CAkrz.

ERFEBNC T AERA T4, Fe T, X R (Tas s, UY)

Trp o 22X —IRENARE (LT EERFOU Y D7)

ETEEBREOZEE A VL O ik, ZER A RIS E L TFIG. 2.18 IR, 7 MOZERIIINE T,
EERAVEL DT, EBITEBRF LT ELTER LTS (FAL D& B~k 2 1ICKREL, fARE
90 °uTid) . BT EEDEE I LVAHRTRNCIRAV I T A7 EE X B, BT EIC LR T I AME T
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- |dentified without the protrusion
— ldentified with the protrusion

— —
< 10° g Il S0 T Ee 2 T 4365 0.995
= —=5.06 s + 0.50 — g ST
= , g 7—& s
S 10° 1 S

» MV 413 5% +576s—2.06 .
Ry 10 562540281 1 Qm F : W/o protrusion
\“- , ;10_2 485+1 O 2+ O
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S 1072 107" © 107 107" -  EE—

180 180 104

\_
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Phase [deg]
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—‘-I-..______-___ zl*

— O O

*N>< *[\:;1 ¢

-180 -180 .

\12 - - \; 102 o (c) Effects of aerodynamic

&) &) ; ;
Frequency f* [1/1] Frequency f* [1/1] forces in hgave motion

(Image at going up, z =
(a) Front response to heave (b) Rear response to heave 0, 0.1 in freq. f~)

FIG. 2.18 Normalized identified response functions of aero forces by pitch and heave motion, in comparing models without
and with the protrusion.

H(BRIL L TIRENATHD) . —F, VPSR, RESNI RIS EEBOREES BT 5L, BT
HEE)VZ RS HROZERAFT—Z XD )b, (RETDHRDOZERET 7 DIIRFERITE AN TN EE 2
bD. E£o, —IKENBEKTD, fEREL TRBEEIZLD T A BTN S 725D, AARIE 180 35 90 ©
FTINESTHY, EEE TIIERS L E T ONRBETHLEEZDND. ZZERAVELO LI T, &
FOZENALI, BEEUX, SRR TFAUPHEIMLTERY, BRYL UV E 7 OENALND. 5
AL, ARER DT A BRRELRD, fFHOENBRRKRELIR>TWDONR LI, ZZ5iThe—RiEN
DFBEP G L RENZEPHERTED. BRIZIDENICES T, RS B T ORI Ip o T 558
7EEFEZH5. FIG. 218 (o), ZER ) DORAEOHNE X 2777, MR ITJE R EDY 0.1 (328 60 km/h AE1TT
#) 0.4 Hz t82) T, L NEEC LA EN R RKOREEZ/RL TS, 7RIS FRE Ui km&Eozs
KRADFAETDHZET D, ZORE, ETIHRIZEOE y FE#3 A5 E T 52NN ETHILITRD 3,
A CTIERERVDO G By F R REGEESN, AR TIIREELO SRy FRREGEHEShLLHE

Hsns.
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233. ZRAEEDERILELED

LLED IO, IFEHERINEEDTGIRAEICELE, BT By FNHRTOEWEZFHIT5ILATE, £

DIFENEZEZAT =X F 713, BLO—REBNCE > TR CTEAIENHER TET-. A RIEHAIZTT
ST —AD IR NIE B A TABLE 2.1 1279, ZHUHOFE 51X, EE CR AT AT ZELRNEH T

HZET, SFETEWVWEL TR )T ZER 1D 7%, EEMIIRBLICEDINNT -T2 AR TA.

vy TN T AT e RO ZER L, FOBRED KRESIHHZELIXIATE (Cappe) D ERTHY, EfF5T
HHZEMND, IEOE YT A (A L)L EREDZ2ERIINREL, BT AEETLHMER>ThH. &

BT DY YRS TIE, FBRELOBE DLETA T —SMEED (Cpmrg) DRESATFH-L725THY,
IEDOE Yy FIMREE (B yFAELTIA, Al F230) DK, VYIZ FREDOZEK[I N ALy F o Rk T 1L/ieoT
W5, T27EL, IREE B D J) T D72, BmIE B2L T 2IREL THRADIEN TE, MRy FiEHZ K
LT DRRICRDEZZDND. REAVTIL, ZDZERAFT —FHIINELRY, FIRAIICZEK8S 87 T]
(Cacrp) MKELIRHTND. ZOERS LU TIREILER 5 CThHOT, By T HEZ ST 4 /LT
A, EvTFAE/NIKTHEEZLND.

EFEENCX T A7 ar ORI, BRI T (Cpery) DERTHY, AFHTHLIEND, BT

HEEIZK L FIRIE DO DMK EIZ2Y, ETFEBZIH 52812725, ETENSTHU 02K,

TABLE 2.1  Normalized identified response function coefficients of aero forces by pitch and heave motion for the model
without and with the protrusion.
Front acrodynamic response Rear aerodynamic response

Pitch Caro(s) Caro(s)
coefficient 0(s) Cameos” + CactoS + Carto Hr(s) = CamroS® + CacroS + Carro
Without the )
protrusion 0.920 s + 3.98 —-11.6s*+1.19s — 0.519
With th_e 0.488 s + 3.85 —0.6325%+2.17s5s—1.06
protrusion

Heave Catz () -C 24 iy Carz(8) _ CAmrzS2 + CacrzS + Cakrz
coefficient z*(s) amfzS” ¥ CactzS + Caktz z*(s) Trps+ 1
Without the 1.86 s% + 4.26 s — 0.995
protrusion —5.06 s + 0.503 112s+1
With the 562540281 413 s?+5.76 s —2.59
protrusion ' ' 348s+ 1
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FENBDISTER N Lo TEY, IEDZEKRAT —F (Capr,) TOEEIMNZNR, IEOELL BT
(Caerz) TOZE L7 HINBNR, ADZEKITIA (Cpper) (S EVTRTI DA DR DN TNDZ LD DLREL
MOMERETED. Lo T, AN TIE ETEZBIRL, A2 WIfl~ B> TKEEZALND. &5

—IRIBH (Ty,) DM TWDDS, A TIEEDREMEDRES, IWEBNDPREVIENHERTES. 2
DI, ETFHEINS DY Y ERNIBEHDO L EN R IR TR R Lo TODA, L TFEENICED

FSHEEE b EBIZ, 7ar N TCORNELD BN BN > T AN SNAT-HEE 2 B,
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24, BRNGEBEBOREE

HENCEO R AETLEL[NINEEERILT HIENTELLDT, ZOEYMEDORRFEEZAT o7z, BAINRUR
THRONLMEIGEZ THIT 2L —a TR, RERONIRBR TRONRER SR L. NIRRT
BFONDMEX, HAEM 1 EELR I OETITHY, K (13), (14)DIDIZREND. (RIHRDOERBY, 22X INE

BOBITAEL.)

" |
Rf = —mfixf + Af = —mfZXf (%b QX + Zx) + Af (13)

\ Loy ..
R = —myZy + A = —m 2y, (—%bex + zx) + A, (14)

7851 (Ap, A 1, B E (D = 1/2pU?), Al B2 (S), BLOVEREZ#LL (L U) 2525281280,

ZZETITRO TR L 22 [ R EDH(15), 16)DIINTROHNS.

Af = Agg + Ay,

) . 1 L\? .. L.
Arg = Megby + CrgOx + kigbx = EPUZS (CAmfG (—) Ox + Cacto Eex + CakroOx >

U
1 C L\? Cuery L C
Ag, = Mo B + G+ k2 = 5 pUPS (—AZ“Z (U) e+ ALszﬁz'x + AL"fZ zx> (15)
Ar = ArG + Arz

2

. . 1 L\“ .. L.
Arg = Mpgby + Crgby + kigby = EPUZS (CAmrB (E) Ox + Cacro Uex + CarroOx >

C
7+ A"”zx> (16)

L

L . .. . 1 Cy IN\2  Cag L
Trz UArz + Arz = MyyZy + CrpZy + krsz = EpUZS < anz (5> i+ Zrzﬁ

K(13), (14) BLOK(15), 16)Z2 WAL T, B CORANRREBR CHEONLE YT - FIERRO {7 &
ZPRTHZENTESLFIG. 2.19). BGEE, BT« E FTORALZERET—RT, VY E FADE7e MIxt

L 90° DAAHENE DI, 1.6 Hz, EME £2.5 mm Tiro7=. JHEEM AL, X (17), 18) TEEIND.
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Origin of zy¢
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= Origin of z
—mgZ b
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Zof| e
A 2
Zxf
Zrdf -
Road — /
Origin of z.4
FIG. 2.19 Definition of the aero-coefficients of aero-inerter, aecro-damping, and aero-spring by pitch and heave motion.
——— 09 measured — A simulated
2 ' RS z measured T 3 A, simulated
g ) d i) 15} Single-side amplitude of front =0.21
= oSt orrol oo =
NN : : ' Th 0
T;J -1 F s <E: -15¢ - \ . . 1
3 1 $: Ll ' Single-side amplitude offrear = 0.43
<& 2 o -3
0 1 2 3 4 5 0 1 2 3 4 5
() Excitation displacement ( 6y, zx ) (d) Aerodynamic forces at 20 m/s (simulated)
——— Ry measured —— R; simulated
3 3 ¢
— Ry measured [T7R5 — R, simulated | _1.70 128
15 = 15
E‘ e
= 0 = 5 0
o x
23 - &
& -15 = =15
3 <20 Hz low pass filtered> 3
0 1 2 3 < 5 0 1 2 3 < 5
(b) Excitation forces at 0 m/s (measured) (e) Excitation forces at 0 m/s (simulated)
- 135 102
=z =
Q:L: :Q:s.
& oS
<20 Hz low pass filtered>
0 1 2 3 - 5
Time [s] Time [s]
(c) Excitation forces at 20 m/s (measured) (f) Excitation forces at 20 m/s (simulated)
FIG. 2.20 Comparison between experimental measured forces and that by simulation results of the front and rear at 0 m/s

and 20 m/s on the model without the protrusion, in an excitation mode when the rear heave displacement has the
delay of 90 degrees to the front heave displacement at 1.6 Hz and 2.5mm amplitude. (Single-side amplitude
values of forces are shown in figures.)
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T
Zys = Amp - sin(2nf - t), Zy = Amp - sin (27Tf “t— E) at Amp =25x%x1073 [m] (17)

Zyft — Z Zyt + Z
ex — xfl xr, 7, = xf . Xr (18)
wb

ZOEHEIT—RNIZHBWT, ZHEELOIRO B 0m/s & 20 m/s [IZOWT, BRI DO TR L TR
RHHIRS RO L AAT o7, HelsRs R, B RSIIE T FIG. 2.20 127

X(17), A)NTLDE YT (6y), b FEN(2) D [FIRF AT DAIREIE L FIG. 2.20 () THY, FF TOHMHE
EEBRTELNZ, UK 0 m/s TOZ b, YUY EANb), EH 20 m/s TORFED(c) ThHo7z. ZIUTKH LT,
RO TR TELN K 0 m/s TORED(e), I 20 m/s TOMEN (D25, A 20 m/s THDZE
KA DFZ TRILTZH OB (AR TS, FEEREER(b), (2L, TRIEE E(e), (HIF M IR0/ &L
725 TUTNDS, EUR 0 m/s 775 20 my/s ~Of EIRIEZA b Z 7oL, 7as NI Y 38§ 28 m 23—
BELTWDDONBFERTES. T2, 7ar b VY ORAEZEL I, 1 ZIFMAZEDNES R EL TODN, 7ay
L UYD EFEEBIONARZED -0, FFEICH L TI7ar s, VY Tzl CTYERA L TWDIEN, TRl 5o
LR CX5.

Uk, BHAED D0 FIFE R & FEERFHAIRE RIS L TRY, S E0ZEK ) OER(LHE Y Th DI LN

BT, SBIT, BT Ly F ORATHEBIH L CHEA ATHETHHT LA, At THER T,
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JEH T ORISR & ML, > TRATDIER 2K EFHIL, LU Ok Ra1G7.

FEROHEFTZIRICONT, EENZ L > TRAETDIER 22X ORAELMERL, ZERSERBEEEL
TERMETHIEN T,

ZERINGE BN, LT EE ey FEE) TRAETLEXNI T TERATE, ThThZERAT—
G T3, BEO T REBNTERRTDLIEPLETHLI LR TS

(RIS, TRENDBEL LB THLH L, FATHHETIIRON2D TR R TH D)

HIEL AR (Z858) (2 LD E W 22 KN DA%, IEE BRI X ERITR T 23 TET.

A Bl O B R Tl

*

*

HEE)CHRAET ALK NS E B, DL FoO#BEOEE CER(L T,
[ty iEd): 7a ] =Ry e 7 dn

(v iEdh:Vy] AT =TT

He}
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[ ETiEs): 7ah] N/ e

He
ﬂT

v
[ L) : U] RAT =L Frerra3n, Sbi—RiEn

He}

FETAR (22H0) 12X D28 KNS E B OB T, LT A7, (Far hOETIEIFHEL)
[Zeild fEL] voFi#EH): Vvarh—2K (RJJ5m), BEK

TS Vv HUeS SR (RETTR)
(2 A voFES): UVvAt—&/h EOUvX o vrrRk (Rt m)
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S HBHEANKOEMERICEASFEEEEINOEE
fEm

31 EEREBRNEZRL-EMCERROFH

311 ZRNZEFERL-BEANEOERHER

By I L NEB TR T HIFE R 2R O A HiEE O L LL LTI D720, BRI EERS T
HFEROER) FRRAA B 27, FEEOEITTIE, HEART — HOEB A4 b T, i AT

IZIVEISNDBDOTHY, RYNZTu NEEO EFEMAEIDE, BAN_—255OENOKY ¥ HHho
AN ZDTC), BT N EEINFRIRHI AT DEE LD, ED AT EE 2 T D R EE) 2 R L
L, E R 2RI OB MR LT, Kojima HOMFHIZRBW, Bifi A L22R O %E 2 7 8 i
& 7= (Kojima et al., 1996) .

B AR g LTI VRICH R T RE ROy T« B FOENL L7228 HEOFEES) T
L, 7a U EENC EF2ERPMIKET VEE X, FIG. 3.1 OIIIZEELIZ. 7 b/ VOl
B COHERRT — L TEN (2yg, zor), BEEATIENL (Zeag, Zear) » TASL LAV BN (245, 24) HEZ, P AN
LA BRI CH I A (kg k) « 7278 (cp, € ) DY A 2a 7 (S, Sp) DMBIK (2 CTDkg kyy cp, 00 1, 1

A
U Zb .. . Af = Afg + Afz,

.. Origin of zy¢ Origin of zpy 7
> —mgdy, :
m; g

Origin

of z,
Cfo, Mg
Zxf Ctz My, | Zyr
ke

Zydf

Tzrdr

Road — : v IRt Origin of z.4
Origin of zyg¢ bwo/2 i lw/2 o

Ox = Oy — Orq, Zy = Zp — Zyd

FIG. 3.1  Definition of variables at the vehicle motion model of the pitch and heave motions with the vehicle suspension
and unsteady aerodynamic forces
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By DIER, X 7R ERT) BT e VY OEENC ) DA E B (mg,m,) LHERT — BT
IR FE (Zyp, Zp) TEAETDHEL, 22K (A A) BENZEN TN/ U Bl E TH AR va &I
B<ELTz. (SO T 2EEmOAFH TERIL, i —RoPIZiE . ) EEEL TRITRE
D JE IR, FEHAS—/LT 0.2~2.0 Hz O#IFATERD. Zhud, BERT —OFEEE) D22 E Pkt

TIX, ZOHREEERTEN AR N EZE THHEE 2 TRY, ZOHFPHELZ. Ll Lo RO ES)
X, AT —EAELTURZEAL R, IRE)EL TR ONDHDERD. ZAVITRDOBEIZOWTE, 20

HRJEE BT AL, 22 TOMREIBNHITIIDT0D, LD DBE LN lE L.

EE R, By T ETEO2BHEDOE Yy FE— A E T HOODEWVD, A)DIIIZEKEN
5. 7arh VY HELE COY AN 2 al BT (2yp, 24) 1, BT — B TFEN (2p5, 2r) OB A TIENL
(zrdfs Zray) DZETHY, HRRT — ORI IET DR Y T (6,), FIRENL (2,) LELTHFR T ZENTE
% (F(20)) . B ATNTT 0 MEHZEAL (zpg) ZFEED AT ELTH 2, VYRR AN (2.q.) 1TRQ2D)TRT

(2, BOH (U) ERFRA LR —=R (Lyp,) TREDEBILRERH] (typ = lwp/U) DFZEZFF>TATSNDHELT.

bb| 1261 [hwb lw
me _mr 2 o 2f 2 B Zkf 2 ZkrTb [Z f]= Tb _Tb A (19)
Zkr Zxr 1 1 Ar
ok [Z“] [Z“”] WZ | [9"] @
Zrdr lwb/2  1llzy
Zrdr(t) = Zpdf (t - wa) (21)
WIHfEZ 0 ELT=T7 77 AEBEFL TR T L, 19), (20), RDIE, T2 (22), (23), (24)E725.
[mfsz —mrsz] [ébf(s) . [ZCfS + 2k —2c.5 — 2kr] [2Xf(s)] [1 —1] [ f(S)] -
mes? mps? 1 [2p(s) 2ces + 2k 2¢ps + 2ky | 124.(s) A(s) (22)
[fxf(s)] B [2bf(5)] B [2rdf(s)] [ Lwb/?2 1] [éx(S)] (23)
2xr(5) ébr(s) 2rdr(s) wb/2 1 2)((5)
2rdr(s) = e~ Stwb '2rdf(s) (24)
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3.1.2. EEEEKADAN

(19D IEE) HFFEXD L2 (A, A) W, BN K> TRAETLIFERERNIEATITHILT, Efhe
Ze RV B ST R S FIREL 725, FEEH BRI, By T MEENI L CTHAETLH7r RN ERT) (Ag)
SVY2ER T (Arg), BEY, B TFENEEH L CTRAET IR NER T (Ag) VY225 T (A,) DRLA
HEELT, ANEIND(FIG. 3.1) . NEALOBLENG, BARR T — LI OFRE YT 45 (,), FHRIZENL
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FIG. 3.2 Tested vehicle shapes, and steady-state aerodynamic coefficients in comparing models without and with the
rectangular protrusion of 40 mm x 40 mm on the front roof end.
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FIG. 3.3 Response functions of aerodynamic forces to pitch motion at 60 km/h on the real vehicle without and with the
protrusion.
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FIG. 3.4 Response functions of the aerodynamic force by heave motion at 60 km/h on the real vehicle without and with the
protrusion.
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FIG. 3.5 Transfer functions of the vehicle motion response (6y, z,) in the road input considering the unsteady aerodynamic
forces at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aecrodynamic effect.
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FIG. 3.6 Transfer functions of the vehicle motion response (6, z,) in the road input considering the unsteady aerodynamic
forces at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect (Scoped

from FIG. 3.5).
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FIG. 3.7  Transfer functions of the vehicle motion response (zys, Z,) in the road input considering the unsteady aerodynamic
forces at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aecrodynamic effect.
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FIG. 3.8 Transfer functions of the vehicle motion response (zys, Z,,) in the road input considering the unsteady aerodynamic
forces at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect(Scoped
from FIG. 3.7).
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FIG. 3.9 Simulation results of the vehicle motions with the unsteady aerodynamic forces on a 20 mm step response at 60 km/h
on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect.
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FIG. 3.10 Simulation results of the vehicle motions with the unsteady aerodynamic forces on a 20 mm step response at
60 km/h on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect (Scoped from
FIG. 3.9).
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FIG. 3.11 Simulation results of the vehicle motions with the unsteady aerodynamic forces on a 10 mm sine road response of

1.4 Hz at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect.
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FIG. 3.12  Simulation results of the vehicle motions with the unsteady aerodynamic forces on a 10 mm sine road response of
1.8 Hz at 60 km/h on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect.
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FIG. 4.1 Tested vehicle and measurement sensors, configuration, and spectrum of the road irregularity in the proving ground
at the actual running test.
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FIG. 4.2  Measured vehicle motions in timeline at the real vehicle running test in the proving ground at 60 km/h over three
measurement trials on the real vehicle without and with the protrusion.
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FIG. 4.3 Measured vehicle motions in timeline at the real vehicle running test in the proving ground at 60 km/h over three
measurement trials on the real vehicle without and with the protrusion (Scoped from FIG. 4.2).
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FIG. 4.4 Measured vehicle motions in spectrums at the real vehicle running test in the proving ground at 60 km/h over three
measurement trials on the real vehicle without and with the protrusion.
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FIG. 4.5 Simulated vehicle motions in timeline by the simulation considering the unsteady aerodynamic forces at 60 km/h
on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect.
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FIG. 4.6 Simulated vehicle motions in timeline by the simulation considering the unsteady aerodynamic forces at 60 km/h
on the real vehicle without the protrusion, with the protrusion, and no aerodynamic effect (Scoped from FIG. 4.5).
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FIG. 4.7 Simulated vehicle motions in spectrums by the simulation considering the unsteady aerodynamic forces at 60 km/h
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with a protrusion straight running tests in the proving ground

FIG. 4.8 Subjective evaluation results at the irregularity road in the proving ground at the actual running test.
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FIG. 4.9 Inverting definition of rear aecrodynamic force due to pitch motion corresponding to the vehicle
suspension and inertia force definition in pitch motion.
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FIG. 4.10 Rates of the unsteady aerodynamic coefficients to the equivalent vehicle specification factors (from vehicle mass,
damping, and spring of suspension) at 60 km/h on the real vehicle without and with the protrusion.
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FIG. 4.11 Boundary layer average velocity and standard deviation in pitch excitation of 0.0-2.0 Hz at 20 m/s, on 1/4 model
without and with the protrusion.
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FIG. 4.12  Spectrums of boundary layer velocity response in pitch excitation of 1.6 Hz at 20 m/s on 1/4 model without and
with the protrusion.
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FIG. 4.13 Time-lines of boundary layer velocity in pitch excitation of 1.6 Hz at 20 m/s, at 0 mm and 10 mm, on 1/4 model
without and with the protrusion.
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(a) Aerodynamic effects due to heave motion (b) Aerodynamic effects due to pitch motion

FIG. 4.14 Flow around the vehicle body that should be paid attention to, with considering from the effective
unsteady aerodynamic coefficients
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FIG. 5.1 Relations between driver feeling, motion response, aero-response and flow around the vehicle.
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