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075 Inte冨rated control system of4Ws and 4WD
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Keywords: F0Ⅱr wheelDlive, F0Ⅱτ Wheel

1 1ntroduction

The concept off0Ⅱt wheelsteelin8(4WS) WヨS intTodⅡCed sev_
eTal years a80 to imptove stability and contT011ability. This
techn010晉y has been the SⅡbjed of intense Teseatch [11 and
today many ve11icles aTe available W北h active f0Ⅱt wheel
SteeTin8(A・4WS){2]. such systems contlolthe vehicle,S 己tti_
tude almostinstantane0ⅡSly but becomes less e丘ective when
the tites approach the limits of adhesion. on the othet hand,
active totque split fout W11eel dtive(A、4WD)[3], because it
Varies the dlivin8 toTque distTibution between the 丘。川 and
Iear wheels accoldin昌 to the di窒elence in tite slip,五as teat
Potentialto testote tite 客τip dutin3 Cotnerin名 but no attem t
has yet been made to utilize A、4WD to augment the c。ntt。1
Petfotmance pTovided by A・4WS. This pa,per desctibes a c。R_
tTolsystem that has been developed to integlate the A_4WS
and A-4WD systems s0 ヨS to make the vehicle safer under a11
dTiving conditions and ptesents the TeSⅡlts of both ComPⅡter

SimⅡlations and actual expetiments.

2 DeS1今n ofcontrolsystem

1

又・,
'

)
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Model,1nput・0Ⅱtput 工inealization, H伽 C。ntT。1

t我らーマE Lリ

Ff

Constant S1ゆ angle

0Braking force Driving force

δt

V

Increase of S1ゆ angle

Fi昌Ⅱre 2: Half・caT vehicle model

2.1 Non-1inear vehicle Model

Because the objective was to inte8rate A、4工入『s and A_4WD
Contr01,北 Was essenti五lto devise a non-1ineal mathematiC目
model so as to take iltto acc011nt the fact that the latetalfoTce

β

AVEC '92 a992.9)

Fi8Ⅱre l: Tite foTce chaTateristics

Fr

δr

R

A wpicalhalf・cat steeTing modelis shown in FiguTe
equations of motion {or this model are:

材V(β+丑)= Fj+F,

IR = ajFf 一α,F,

Whele 3イ'

1

V

β
丑

Of(0,)

Fj(F,)

419

netwoTk. simulations and

Vehicle mass

Yaw moment olineltia

Vehicle speed

Vehicle side・slip an宮le
Yaw rate

Distance t0 丘ont(reat)欲le hom
tho ooot紅 ofぢn"iw(CG)
ιatetal fotce at fTont(1eat) wheels
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The colneling fotce on the flont and lear tites was asS11med

to decrease in P工OPOTtion to the inctease hl dtivin名 tolqⅡe and
Was de五ned as f0ⅡOWS:

乃=-cj(β+ ojR/V 一δf){1 一んjT(1 +λ)}

E =-C,(β一 0,丑/V 一δ,){1 - h,T(1 一λ)}

Where cf(C,) cotneringsti寵nessatfront(TeaT)
Wheeb

hj(h,) coe伍Cient ofdectease ofcornering
force d11e to dtivin目 totque at
丘ont(1eaT) wheels

δj(δ,) Ront(Real) wheelsteet an套le
T Total d工ivin名 torque
λ 玉、onvTeat t0工qⅡe disttibution latio,

CalC111ated in the f0ⅡOMn号 manneT:
T -Tr

λ
T

nele Tj and T, aTe the dtivin名 t0工que to the 丘ont and
teal wheeb lespectively, S0 λ=-1 Cottesponds to Teat
Wheel d工ive and λ= 1 Cotlesponds t0 丑ont wheel dtive.

2.2 Structure ofcontrolsystem

FiぢⅡte 3 Shows the two・de名τe合of・fleedoln contTol st1ⅡdⅡre
that was devised to TeヨⅡZe f己St lesponse to steeTin名 input
While minimiziΠ名 the e寵ects of extern五l distⅡtb己nces and Pa・

tameteT chan名es. The P111Pose of the conttolis to make the

adual yaw late lt f0110w the desiTed yaw tate 丑0, which is
Calculated ftom steerin目 input and vehicle speed. since A、
4、ND opetates via a hydtaⅡlic d11tch, thete is inevita,bly a Te、
Sponse delay due to the time la80f the hydtaⅡlic dtcuit and
the totq11e disttibution of the d11tch. Accotdin81y, the feed、
fotwald compensatot cl(3) is concetned only wit1ι A、4WS
in oTdel to enSⅡle that within the lineal te8ion of tile char-
actetistics fast Tesponse is obtained to steeTin名 input. The
feedback compensatot C2(3) f11nctions to stabilize the vehi、
Cle in the non・1ineaT le名ion and is theTefote based primatily
ⅡPon A・4工VD, bⅡt makes use of A、4Ws to compensate f0τ
the time la名 ofthe A・4W'D aduatot. The contt010peTates in
the f0ⅡOwin8 maltnet. CI(3) calCⅡlates the feedfotwatd Tea工
Steer an81e δ,j hom the hont steet an昌le δj and the vehicle
Speed v, while C2(S) calculates both the dtivin名 torque dis、
tlib11tion lati0 λ and the feedback reaT steer angle δ b 丘om
the di仟'erence e between 究 and 究0(e = 1t。- R). Hence the
Ieat steer an81e δ, is eqⅡalt0 δ,j +δ,b.

2.3 Design ofFeedforward compensator

Xπlithin the 註neat re昌ion of tite chatadetistics the tTansfet
fⅡnction 丘om 丘ont and reat steeTin名 inP11t to yaw late is ω2

ajcj+α,C,αナCナ
IV';上」わ,,0; 1rけ

え=

C I(S)
δ rf

PO(S)

P①
PO(')
4ω
の①
丑

δ rb

C 2(S)

R0

^U

.P1師t(VONdod沖0加W)
:Re(erence modd (DesiTed dynalmcs)
:Feedforward compensatot foT model matdjng
:Feedback compensator for Tobust stabi11ty
:Actual yaw tate
:Desired yaw Tate

:Feedforwatd Teヨ1 Steet angle
:Feedback TeaT steet a11gle
:ActⅡa1 τear steer angle
:FTonvteat toTque distribⅡtion Tatio
:LaplMe operatot

P⑤

+一

,

f

j

6

R

3

The desiled yaw tate is assumed to be

Figule 3: TWO・de昌lee・of・丘eedom system

昌iven by

究ι(リ

丑0(.)

PO(りδj (の

WheTe k is the gain latio of the desiled yaw r己te to the
yaw tate wit互Out control and r is t11e tilne constant of

the desited yaw rate.

Whete

^一δj
1 + rS α2

b13 + 62

32 +αIS +α2

The feed{OTwatd lear steeT angle δ,j is calculated as {0ⅡOWS
.o th肌 Rι(り=丑0(.).

δ,ナ={ko +ー・-L +・ーーL}δj (フ)
3+ωI S+ω2

α2

'1V ,リ

Ojの」b,d 仏j斗澤fアCjc,

の+
63S + 64
^δ,
32 +α13 +α2

bl =

α2Cナ+α2C,

'~,ど"_iq,C,、11。,・',」。.tgj'壬 q,.)cfc,ーー'1'ー'-13イ'V

Whele

' 1"'Lb qil

'
_(oj 十",)cj、C,

JI'河 1'"¥ oj q!3d'V,1

k。
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b2k

α2b3T

62(k - 1)
b3

k1

'1a4'V2

(8)

α263(63 - 1'b4)

62k(α1 - VT 一α2丁)
k2

6264k(α1 - V丁一α2r) h264k
^+

α263r

ω1

2.4 Deslgn ofFeedback C9mpensator
〆をン."0.C 'オ111

Sc ematic ia8tam of i11e4eed上ack compensatol C2(S) is
Shown iR Fi3Ule 4. AS一ιhe-plam、P(S)is non.1ineal, it is
impossible to apply ざfるliable linea工 CρPttoltheoty to compute
δ,b and λ. Hence a pTOV玲ional contlolinPⅡt む'is derived via

五 tTansler fⅡnction of the lineaT compensatdT F(3)丘om 乙
Ⅱnealized explession of p(S) and ⅡSed to deterltiine the adU矼
Controlvaluesfofδ,bandλ.,多,'

A lineatized equation for yaw rate π WヨS obtain亘'd by trans、
folmin目eq11ations (1)~(り, viz:'JX 2rλ61a

α,C,

α2(b3 - 7b4)r
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β

Estimation

おf
P S)

RO + e

Fi昌Ⅱre 4: st1ⅡduTe offeedback compensatot

C 2(S)

Variable

Trans-

formation

WheTe

F⑤

_ ajcf"=δ,ーニL'hjT(1+λ)(β+oj丑/V一δj)(9)
, f

afcfλ)(β一",究/V 一δ,)+(^- 1)β+ h,r(1

nom eqⅡation (8),the ttansfeTfⅡnction 丘om u to R becomes

δ rb

λ

(12)

岡り

{1+ G(りF(.)}-1

G(りR"{1+ G(.ゾ(.)}-1

P⑤

Whete s(3) is the sensitivity fU11Ction, S。(3) is the com_
Plementa工y sensitivity fⅡnction a1ιd ツ is the weighting
Value

1 + 73

G(.)U

Whele

R

and can be calCⅡlated ⅡSin客 MATI,AB'S Robust contlolTO01
BO" f4】, whkh .PP五.. GI0"a ."d Doylo'..18仭ithm 151

AdU目δ,b and λ aTe obtained 丘om the ptoV玲ionalcontl01
inPⅡt u by mea那 of the telationshiP 客iven in eqⅡation (9).
The A・4WD system Ⅱti五Zed by the expeTimental vehicle con、
tinⅡ0ⅡSly valies the 丘onvreat toTq11e disttibⅡtion lati0 丘om
3:7 t0 5:5(10ck・ⅡP) by contl01Ⅱng the hydtaⅡlic plesSⅡle ad、
in80n the centel di寛e工entiu dutch. Hence λ Can be changed
Within the lan8e -0.4 ~ 0. nom expelience, it was jud号ed
that when the d工ivin名 toTque 鵄 la13e,ヨ' distTibution Tatio
nea1 5:5 enSⅡles optimum stability while acceTelatin8 tapidly
Ot dlivin8 at hi岩h speed and in the event that the toTq11e to
the tear wheels is too lar目e and the vehicle iS 且oin8 to spin.
In view o{ this consideration,λ is determined as f0110WS:

λ=-0.4(1 - 70/Tm)+.8"(丑)kιTO" (15)

Whele r,η, kι ale consta.nts, S8n(丑)indicates whethel R
haS 3 Plus ol minⅡS V目11e and

421

α2Cj+α2C,

Chan名es in vehicle paTametets cj,C, and speed v wete
Consideled as mⅡltiplicative unceltainty of the plant. The
Wei8htin8 function fot the sensitivity function was dete工mined

r

α,C,V

α2Cj+α2C,

aS

1V

ル

S2 +、厄ω,S+ωミ

Whete ωη is the cut-0質丘equency fot lowerin8 Sensitivity,
Which is asSⅡmed to be o.5rad/sec

and the weighting fⅡCtion foT the complementaty sensitivity
function as

WI("

(1の

2(0;cf + 0IC,)

Whele vo is the vehide speed undet the nomin飢 State,
WhiC五 is assumed to be lom/sec.

Undet the dynamicS 8iven by eq11ation (1の,the ptoblem o{
tlackin号 Plant 011tPⅡt 丑 to TefeTence input 盈O can be solved by
applying the H伽 CORttoltheoly to determine the ptovisioR目
Controlinput u:

U = F('X丑0 一丑) a3)

F(S)is detived by solving the f0ⅡOwin昌Ⅱ伽 SmaⅡ 8ain ptob、
Iem folthe aU8mented plant with lvl(3) and W2(S),

W2(" 1十

The adⅡ凪 toTq11e distTib11tion tati0 λ is asS11med to ha

3 time laE of o.3SeC 丑om λ and is de命ned as {0ⅡOWS.

IVO

(1の
1 + 0.3S

To compensate {OT this time lag,δ,b is calCⅡlated usin号 the
f0ⅡOwin客 equation:

0,C,"ー(ojcj - 0,C,)β
+ofcfhjT(1 +λ)(β+ 0ナπ/V 一δj)

ー",C,h,r(1 一λXβ一 0,丑/V)
δ,b = (17)

0,C,{1 - h,T(1 一λ)}

2.5 Adaptivecontr01

1Ⅱ the contTol method described above, colneTin冨 fotce is as、
S11med to be ptopottion目 to tite side、slip an畜le. BⅡt, in te目、
託y, tlte limit of tite coTnering fotce is detelmined not only by
Vehicle dyRamics bⅡt 目So by t11e road suTface condition and

OtheT fadoTS. Accotdingly,becaⅡSe the tiles cannot always
昌enerate a latetal force coTresponding to the desited yaw rate
detetmined by eq11ation (6), thele is a possibiliw that the
Cont工ol wiⅡ function to inctease the actual yaw late, caus-
in昌 the vehicle to spin. TO PTeve雄 tMS, it was dedded to
adopt an ad己Ptive contlol based 011 Vehicle side、slip angle β,
Which is an e窒ective indicatot of the CⅡhent limit of coTnel、

in名 folce. The devised adaptive a30tithm is as f0ⅡOWS.1t

decteases the 名ain k of lzo in equation (6) accoTding to the
inctease in estimated β and/OT vehicle speed v,viz:

if v く V0 位 1β1 < 1β01
a8)

k'(1β1- 1β0ⅨV - VO)}ko .1託WhoM

ーー」ー(G,/V 岡 (19)
1 + 7b3

Whete k,, ko, Tb and vo aTe constants,βo is a fⅡnction of
V,β is the estimated vuue of β and G is the lateTal
acceleTation at cG.

ifT く Tm

ifT > r机

(11)

S

雁隨ご1"g (1り

S("

S。(.)

r
T

?
、 {

~
β

1
=

一
λ

=

2
"

0
1

k
{{k

一
β



Vehicle

Speed
V [nvsl

Vehicle

S1ゆ angle
β lradl

Yaw rate

R [rad/SI

Front &

rear steer

angle
3 f,3 r【radl

Driving
torque
distributlon

ratl0 λ

3 Computer simulationResults

F0工 Computer silnⅡlation, a veMde model with 14 de昌tees・
Of_丘eedom 五nd a map of non-1ineal tite chalactetistics we工e
Used.1n the sim111ations, the veMde was acceletated 丘om
an initial speed of lom/sec f0ⅡOwing a step steetin8 inPⅡt.
Fi811re 5 and Fi名Ⅱ工e 6 CompaTe the teSⅡlts f0ミ adaptive con-
tt01, non、adaptive conttol and no contt01(in which the reat
SteeT an名le iS 命Xed at o de昌τee and the torq11e disttib11tion
Iatio at 3:フ).1n the case of a toad S11tface with a low co・
e伍Cient of 丘iction μ(FiぢUte 5), the vehicle spins d11Hn名 the
eatly sta名e of acceletation when no conttolis employed. with
non-adaptive contt01, because the actual yaw tate f0ⅡOws the
desited yaw late, the vehicle does not spin b11t theTe is a
Sli8ht increase in slip an81e. wit1ι adaptive contt01 仏e veM、
Cle lemains veTy stable thT0Ⅱ名hout the entite maneuver. Thi3
量冨Ⅱle also demonsttates that the control system 名工eauy im-
Ptoves t11e lesponse in yaw late to steeling inP11t.

玉、om F電UTe 6 it can be seen that even in the case of a hi名h
μ road sutface, the control tesults in a sli81ttly hi目heT yaw
工乙te dⅡtin名 the 1五te工 Stage of accele工ation, indicatin昌 that the
Contlolf11nctions e仟ectively 工egaTdless of parametet changes.

Vehicle

$peed
V 【m/SI

0

Vehlcle

S1φ angle
β[radl

Yaw rate

R 【rawsl

Front &

rear steer

a打gle
3 f,3 rlrad】啓

Driving
torque Cメ
d15tribuuorl・

ratl0 λ

hont steer angle

5 Summaryand conclusion

1. on the baS玲 of 3 non、1ineat vehicle model, in which c01・
folce decTeases as driving tolq11e is increased, anerln名

two-de目τe合of-f工eedom cont工ol stlucture that inte昌lates
A、4Ws and A、4WD has been devised. The feedback

Compensator applies the 亘⑳ Conttoltheory to tlack the
Ⅱnealized expTession of the non・1inea工 Plant's yaW 工3,te
It to the desited yaw tate 丑o and compensates for ac-
tⅡat0工 time lag. An 己daptive contT01 心ぢorithm is used
to enS11te that the vehicle temains stable even when the
tites cannot 8ene工乙te SⅡ伍Cient late工凪 foTce to S五t鎗fy the
desiled yaw Tate.

2. The leSⅡlts olthe simulations and adⅡal vehicle expel-

iments demonsttate that the inte8tated contlol system
functions to make the vehicle fat more stable when ma、

ne11Veting on slippely sutfaces.

」3. Alth0Ⅱ目h the inte8rated conttolsystem has gTeat poten、
tialfot t血Sin昌 Safety, veTy cateful considetation mⅡSt be

^

no contr01

ada uve contr01

rear steer an91e

the t0工q11e convetteT) and,ⅡSin8 the inte8rated contT011aw
descTibed above, computes commandsf0工 4Ws and 4WD ac、
tnatots so as to contlolte五t steer an昌le δ, within the Tan目e of
士l de昌tee and fTonvteat torque distribution Tati0 λ Within
the tan名e of 3:フ~ 5:5. To eRsure that the system is fail、S己{e,
each l'cu tetains a11tonomy so that it can function indepen、
dently in the event of ccu 0τ加telface fai1111e.

FiぢUte 8 Shows the petfotmance ofthe expetimentalvehicle
While accelelatin8 roU11d a CⅡtve on a slippery SⅡrface. Nvith、
011t the contT01, the vehicle enteled a spin when it leached
about 55 km/h bⅡt with inte8rated A・4Ws and A・4訊ID it
Was able to acceletate up to neatly 80 km/h with0Ⅱt the need
fot any cottective steeTin昌. DⅡring the latet sta昌e, the adap-
tive l0名ic functioned to led11Ce the desiTed yaw late. The
dliveT, feeling the cotTespondin昌 reduction in actⅡal yaw late
as an increase in ⅡndeTsteer, realized that the vehicle was ap-

Ptoachin名 its cornelin昌 limit and eased 0質 the accelelation.

4 Application to Actualvehicle

FiぢUte 7 011tlines the network that was adopted in 0工der
to apply the cont工ol system to an experimental vehicle.
The ccu(centfal conttol unit) intetfaces with the A・4工NS
工CU(10C凪 Conttol uniり, A・4WD I'cu and otheτ 1'cus via
工AN(10cal atea netwoTk) 1ines. CAN(control a工ea network)
Chips, which have a t1ヨ.nsfet tate of lMbits/sec, are ⅡSed as
the intetfaces. si昌nals Teceived by the ccu a工e 丘ont steel

肌810 δj, y.w nt0 π(丘om tho A・4WS I,CU),1.to..1.0001・
eTation G ,10n8itⅡdinal accelela.tion G工(丑om the A・4、刃D
工CU),10tation speed ol each whee1 ω1~4 (丘om the ABS
工CU), en8ine speed NE and 8ea工 Position n. upon teceipt of
these siぢnab, the ccu calculates vehicle speed v (丘om G工
乙nd ω1~4) and dTivin名 toTqⅡe T (丘om NE and slip Tatio of

Fi昌111e 6: simulation results(μ=1.0)
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Fi昌11te 8: Expetimental vehicle test reSⅡlts
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