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A bstrad

‘1’lic Varial)lc  l)y]lal)lic ‘1’csitxxl  Vclliclc  (VI) ’I’V)
is pl”cscllily b e i n g  ckvclopcd b y  t])c Na-
timlal  IIigllway ~’rafHc S a f e t y  Adlui]listratio])
(NII’J’SA),  It is tmilig  dcsiglld  to have a “stccr-
b y - w i r e ”  fro]it  stccriIlg systmu  and ZLTI illdcpcll-

dCJlt  l“Cal’ StC!CI’i I)~ SyStCIJ”l. ‘1’11(!s(! Steel’illg; sys-

tmIIs cllahlc tllc V1)’JIV to cnnulatc  tlic  dircc-
tiol)al  CoIItrol c.llaractcristics o f  a  l)road raIIg;c

o f  ]msscIIgcr  vclliclcs.  III this stucly, a ‘(l II OdCl-
followi  I Ip;” coIItJol I)lctllocl i s  uscxl  to JI}odify
both tllc s t e a d y - s t a t e  a]ld trallsicllt  latmral  Ic-
s])olIsc c]laractcristics of a sIIlall-size Vl)rJ’V  to
Ilmtcll  tlIosc  of c.oIIl}Jact-si7)c  alIcl lnict-size vchi -
c.lcs. l“or two classes of stccrillg  il)puts  collsidcmcl
ill this study ( ‘Lpscuclo-  stc])” and  ‘Lsillusoidal”  ),
tllc  I[loclcl-followillg”  coIltrol  ctcsigIl  Incthod al-
lowed ihc VIYJ’V to accuratc]y allcl  robustly track
tllc lateral rcsImIIscs  of t}lc  target vclliclcs  OVCI a
rallgc of forward Speed.

1< q W o r d s : l“otll-w}l(~cl-stccli]lg;,  lllodcl-
followi]lp,  coIItIol  InctlIoct,  rcfcmlcc IIIodcl  cwltrol
IIlctllod,  stcm-by-wire, variab]c  dyIlalnic  vclliclc.

IIltrodudion

‘J b stud y tllc  c.ondatio))  ljctwccII  vclliclc  rc-
S1)OIISC characteristics and clrivcr co~lll[lallds  Icl-
ativc to crash  avoichlcc,  tlIc  Na.tioIlal IIig]lway
‘1’raflic  Safdy AdIniI~ist~atiol~’s  Oflic.c  o f  CIaslI
Avoidallcc l{cscadl  (OCAIL)  has at its dis~mal

a co]))  ])rc]ic]lsivc set of too]s  aIId facilities. ‘J’}ICSC
illcludc  tllc  Vcllic.lc l{cscarch  a.lld ‘J’cst  Ccvltcr,
aTIcI tllc (cuIrcIltly  Imillg  dcvdopcd)  Natiol)al  Acl-
vaIIc.cd l)rivi]lg SiII]ulator. ‘J’o aug]]lcllt  tlIcsc
tools aI]d faci]itics, OCA1{ has ddiIIcd  its collccpt
of a Valiahlc l)yIlaII]ic  ‘J’cstt)cd  Vcllic]c  (Vl)rl’V).l
‘1’llis vclliclc  will be. capal)lc of cli]ulatilig  a broad
]ZIII$,C  of allt,oJll  Ol)il C dyIla,llli(  C]lal’aC.tCl”js  tiCs,  al-

lowil)g  it to be USC(I ill dcvclo])illg  collision  avoicl-
aIIcc systcIIIs,  alId c.ollducti]lp,  drivirl~;-related llu -
II)all factors rcscardl,  a]llo]lg otllcr al)~)licatio]ls.

Vdlidcs Wi th  “])lO~l”alllTIla\  )]C” lCSJ)OllSC C.]lZLl-

actcristics  lIavc hccII ])ro])os(xl and dcvclo~)cd iI)

t}Ic }~ast. ITi t]lc  1970’s ,  all cx})crill]c)ltal  vchidc,
c.alld Variab]c 1{.cs])oIIsc  Vdliclc,  was dmdopcd
t)y tllc Gcllcral  h40tors  Cor])oratioll  for vchic]c
IIalldli]lg IxxcarclI ,2 I t  had illdcpc]ldcllt  clcctm
IIydraulic.a]ly  c.olltrollcd front  al]d mar stccrillg
actuators aIId a froIlt  stccrillg;-fee] systc]ri.  ‘J’] ICSC
cmltrollcd  systcIIIs  c]latdcd  it {(0 mnulatc  a  vari-
ety o f  ctircctiollal  Colltro]  cllz~lactc]istics.  III tllc

1990’s, a silllilar  rcscarcll  vclliclc,  called SiInul+
LOI Vcllidc,  wzis clcvclo]xd  hy tllc NissaIl h40tol
(; OIII])aIIy.3  IIotli  yaw )al,c aIId lateral a.ccc]cratioll
lcs]xmsc  c~lal:lct[:listic.s of  this  vchic]c  could  tm
varied ill(lc~)c]lcl(:]lt,ly  via software cllallgcs  to tlllc
COllt  I’0] a] FEO1”it}l Ill S. It was USC(1 to study t}lc l(!-

latiollslli])  ljctwmll  a drivcr)s })crccl)tioI]  and  tllc
aci,llal  vclliclc  }lal](lliIIF,  quality.

‘J’o clllulatc bot}I  tlIc  l a t e r a l  aIId lo]lg;itludina]
Ics])oIIsc  c]laractcristic.s  of a broad rallgc  of vc}li-

1



CICS,  tlIc  “ll]ccllarlical”  stccril]g,  sus~wlls;cm,  alId
braki]l?, sulJsystclIls  o f  a  “])assivc” vcl]iclc  lIIUStl
a l l  bc lIIadc  ])rogralIlmablc. ‘J’O cIrlulatc tllc lat-
crd rcs]mIsc cllaractm”istics  of vchiclcs,  all earlier
Studyd’s iIlcticatcd  tha t  tllc VI)’J’V II Iust }Iavc a
slxwr-by- wire front stccri I]g coIlt  rolld Syst(vn aIId

all iIldcJmldcIlt  r e a r  stccr; lIg cmltrollccl  systOII
(i .e. ,  fcJll*-wl}ccl-stcc]il,g).  l;qui],pcd  wit],  t h e s e
CXHltrolld  Systc!llls, the lateral  rcslmIIsc! charac-
teristics of the VI)’J’V call bc cxmvclliclltly  altered
via tllc govcmlillg  colItrol  a]goritll  Il)s,

III ILcfcrcllcc  5 ,  a  paralnctmrizd  fcdforward
})Ius fdtmck four-wl]ccl-stccri]lg  coI]trol  algc)-
rit}llrl, p;cturcd  iIl l“i.gum 1, was uscc~ to alter LIIC
lateral rcsl)oIIscs  of tile VI )’I’V:6
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Figure;  1: A  fccclforward  j,lus fccdlmck 4WS al~orit
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11 Crc “s’” is the 1 ,ap]acc opcratorl  al}d t}ic vari -
ab]cs  fijC allcl  r am t h e  front  stccrillg COIIIIIIaIId
wtd tllc filtcrccl  yaw rate d the vchiclc,  rcspcc-
tivcl  y. ‘1’}Ic feed-forward gain, K6, fcdback  gain,
K., aIld the t;Inc coIlstaIlts T, and  7Q of the lcad-
l a g  colllpcllsator  arc prograrnlnahlc  paral~)ct,crs
of t)lis  coIItJollcr.  Appropriate] y sclcdcd,  tlIcsc
cc)lltrol  ]mralIlctcrs  allowed us to vary tlic  latcrd
rcs~)ollscs  of tlIc  VI)’I’V to aJ)l)roxiI1]atc tlIosc  o f
target vcll; clcs.

III this study wc! illvcstigatc  w]lcthcr the “ClII-
ulability”  o f  t,lIc VI)’1’V could  h iln])l-ovd  wit])
aIl altmlativc  colIlmd arcl)itccturc. III ]mrticular,
a Illodcl-followiIlg  control  IIldhod  was used to a-
tcr LOtjlI  tlIc  steady-state and trallsicllt  latcra] rc-
S]) OIISCS  of a slnall-siy,c  VI)’J’V (a l“ord l$,scort)  to
IIlatc.11 tllosc of a co~llpac.t-size liuick Skylark as
wdl as tlmsc of a lnid-size l’ord ‘1’aurms. ‘1’}Ic  cf-
fcctivmwss  and lilnitatiolls  d this  control  dcsigll
lIlctllod  ilI achicwillg  tllc goal of )IIoclcl I])atc}lill~;
arc rq)ortcd  here.

Vehic]c  l)yIlamic Mocld

A  vcllic]c  llal~dliIlg Inoclcl  t}lat t}lc autlIor  IIad
ctcvclo])cd,  Vltlll)YN, is used ill this study. ‘1’IIC
lateral  dyl~alllics  of a vclliclc  arc IIIodclcd  iI) Vl’;-
III)YN using tlIc a]qmac}]  suggcstccl  ;]I ltcf. ‘ [ .
‘1’l\is  IIIodcl iIlcludcs vchic]c yaw, roll, aIld lateral

(I(!grc!cs  of fl’dol I I . Sillcc  the ])itcl~  ctcgrcc of frcc-
doIn dots Ilot sig;llificmltly afli:c.t  llalldlillg,  it was
Ilot iIICIUd(!d  ill t]liS 1I1oc]c1. ]] CIICC, t]lc  StatCS o f
tliis  vclliclc  lIIodcl arc: yaw rate, side-sljl~ allglc,
roll rat,c,  and roll allglc!.

11’or sill)  plicjty,  Vltlll)YN uscs  a  lillcar t i r e
II Iodcl. IIatcral forces aIId aligIlillg  torques gcl Icr-
atccl  by tlic  tires arc coIII1)utcd as fullc.tiolls of tire
slilj a,IId cwnbcr  aIiglcs. ‘J1his tire II Iodcl also il\-
cludcs  tllc effects of vc}liclc  roll al~glc 011 both  tlIc
calntm and t ire aIig;lcs. 1{.csu]ts  obtaillcd  wit]]
V]+;]]  I)YN arc accuraic  up to a])])roxilllatcly  0.3
f;’s of latcrd  accclcratioIl. IIcyoll(l  that, )llodc]s
that iIlc.ludc  bot]l  tllc t i re  saturat ion cflc(t,s  and
sus~)ellsiol) lloIlliIlcaritics  II]ust bc c] I]])loyCd.

]11 t]lis study, V};I1l)YN  is auF;IIlcIitd  witli  L]IC
followi]l?;  stccrillp; actuator dyIlarl]ic  IIIodcls:

1  ICI’(?,  Jj and J, al”(! tll(! fro]lt and real WI)(:CI  all-

F,lCS,  wllilc  fijC aIId 6TC a r c  COIIIIIIaII(]S sc~lt, to t]lc
froIlt  and I“car stccri~lg  a c t u a t o r s ,  Ics~)cctivcly.

‘J’IIc fro]]t WIICC1  COIIIIIIaIId  6jC i s  r e l a t ed  to  tl)c

2



drivm  st,ccri  IIg wlIecl  a n g l e  6SW: 6 f, = 6SW /A’s,—
wlIcrc  Ns is L}IC slmcri  IIg r a t i o .  l’or twOwllcc.l-
stccri II~; vcl]iclcs,  IJlcrc  is IICJ rmr WIICC1  coIIITnarId
(i.e., Jr, = O). For  4WS vchiclcs,  tl,(! rear wl,ccl
colllII)aIlcl  i s  clctcmnincd  by a coIItrol  algoritllln
SUCI) as t,])at  givcll  ill cquatio  Il (1 ). ‘I’l Ic tiInc col I-
sta~ltx  c~f t]IC front a,l]d rear steering actuators arc
7j and TT, rcspcctivc.ly.  ‘J’hc  balldwidt]ls  of  tlwsc
actuators arc both assulncd  to tm 15 1 lz.

j’ktiInatd vducs of vc}Iiclc paraInckrs used ill

Vltlll  JYN,  for three passc]igcr  scdalls  arc sulnlna-
ri7mt  i]] ‘J’ab]c 1. l’ara,lnctcr  values i] I that tab]c
arc c,sti]Ilakl  using data givcI]  i]], alno]ig  otllcrs,
ILcf. 8. l,incarizcd  tire pararnctcrs  arc cstilnatcd
usi?lg data,  givc~l  iIl 1{.cf. 9, arid arc sulnl]la.rizcd
ill ‘J’able 2.

Mode l - fo l lowing  Con t ro l  l)esign Method

‘]’lIc  Inodc]-fo]]owillg  collho]  dcsigll lncthod  i s
soInctil  I)cs called a rcfcrcncc lnodcl  coIItrol  dcsigll
Inctl\ocl.  Wit])  t}lis  lncthod,  the desired trallsimlt
rcs])oIlsc  rcquircIncIlts  of a coxltrollccl  systcll)  arc
first  tral]slatcd  i)lto  a trallsfcr fuIlctioIl  wllic,ll  i s
tllc rc!fclcllcc  Inodc].  I{’or cxalnplcl  wc Ir)iglit want
{lIC pcrcm]t ovcmhoot,  (A4P) and 5% scttli IIF; i,illlc
(t,) of tl,c vcl,iclc’s  yaw rate rmpo]]sc  t,o a “step”
st,cmillg  wlIccl c.oIrlmancl to t)c less than 1 0% aIld
0.5 scc.oIIds,  rcspcctivcly, ‘1’llat  is:

7r(
Ml) ~- C!xp {- -- -----~-:-p} s 10%

(4)

t. =“- 3/(w,, < 0.5 s (5)

wlIcrc  ~ aIld ti,L arc tllc daln~)itlg r a t io  aTId Ilat-
ura] frcqumlcy of a scc.oI]d-order systcI~l, rcsl)cc-
tivc]y,  ‘J’o  lncct rcquircJIlcults  4  and 5 ,  tlIe  Icf-
crcl  Icc II Iodcl Inust h a v e  tl)e followi  I]g stccri Ilg;

wlIccl allglc  to  yaw ra.tc trallsfcr fullctioll:

with [ > 0.59, k+, > 1 0 . 2  r a d / s e e ,  arid GTcj(0)
is the stmcly-state gail}  of tlIc  tral Isfcr fullctiorl.
StCCl”iJlg  cOIIllnallds  tha t  arc. a,})plicd  tc) tllc vclii-
CIC arc also a]jl)licd  to this rcfcrcIIcc  IIIodcl. ‘1’tlc
difI’crcIlcc bctwccII tl)c outputs of tllc vclliclc  and
t}lc  rcfcrmlcc  IIIodcl is  used iIl a control  law to
drive tl]c vcl]iclc’s  out])ut  to closely al)proxilIl:itc

Vc}liclc
class

Wl)ccl
Last
(m)

t r a c k
widi,}l

(Ill)
C.g. to

fl”ollt
axle (311)

c’?;”
}Ici:;llt

(JH)
wcigllt

(kg. Wt.)_
il)crtia

(kg-m2)
1’011

])itc}~
yaw
1’;11

stifl”llcsst

___ ($:;)
roll

daln])illp;

-($;;)
st,ccrill~

ratio

‘J’al)lc  1: Vchiclc  l’ararllctm

lk.ort

Slllall

2.39

1.40

0.83

0.51

1007

328
1535
1545

G84
490

—

42.7

~7,0

Skylark
coJIfi)act

2.62

1.40

0,94

0.54

1262

431
2032
2082

828
381

53.5

17:6

“j’aurus

Inidsim

2.69

1.55

0.95

0.56

1 4 1 “ 9

--

573
2553
2687
1 2 0 6

935

60.1

17!o--

~ frol,t/rear axle.

tltc rcfcrmlcc  lIIodcl out~jut.  ]11 Lllis  way tlIc de
sired traIlsicIlt rcs])o IIsc rcquircIllcIits  arc Inct.

]11 t}]c ~)rcscIIt  a~)l)]icatiol],  t,}lis  COIItIO]]CI dc-

sigll JIICtl  IOd i s  USCCI  to f o r c e  tl)c.  trallsicl)t  m-

S]) OJISC Of t,]lC V])l’v LO C] OSC]y a])pI’OXiI[latC!  that

of  a  target vdliclc. ‘1’lIe rcfcrcIlcc IIIodcl is IIOW

t}ic trarlsfcr fullctioJl  of a particular target vclli-

clc. ‘1’hc idea is illustrate ill both l“igurcs  2 and
3 for two W}lccl-stccrillg;  a~ld foul- w}lc,cl-stccrillg
V] )’J’V’s, rcs])cctivcly.



Vclliclc
tire

loadillg~
(kg.wt.)

Corllerillg
Stifrl)css

(;?;);
alig~]ing

t,orquc
stiffI)c!ss

(;; )1
C.allll.)cl

St,iffllcss

(2’)1
ZdiF;lliJlg
torx]uc/
Callll)c!r

(T;]

‘1’able 2: ‘J’ire  l)a~a

I’:SCO1’1
P18$/-
601{.1 4

658”
34<]

633
433

11.8
6.3

21.0
9.6

1.2
0.6

‘iky]i’k
1’185/
751{.14

808
454.—
705
509

14.5
8.1

27.4
13.2

1,5
0.8

‘1 ‘au IUS
1’205 /
651{15

917
502

1051
7{)4

16.4
9.0

54.5
41.0

1.6
0.9

~ froIlt  arid rear whcds,
~ flollta llclrc:arw ll(:cls,c  ac}]wllccl.

III l“iflum 2, tlIc VI YJ’V’s y a w  r a t e  i s  Inca-
surcd C,olltilluoually  by a gyroscope and  is coil I-
parcd  wit}l a desired yaw raim profi]c.  ‘J’llat  yaw
rate profile is colnputcd  orI board  using  tl]c stm-
il)g wlIccl zutglc to yaw rate trallsfcr  fu]lctio  Il o f
tllc t a r g e t  vclliclc,  togctllcr  wit]] t he  ]ncasurcd
V1)’JIV’S stccrillr;  WIICC] displacc~nclit  profile, ‘J’IIc
dcviatio]l  bctwcc:l I tltc lncasurcc]  allcl  desired yaw
rate l)rofIlcs is used to corlt, ml a steer- Ly - wire scl-
volncc}lailisln. III a steer-by-wire arraIIgcIIIcIIt,
t h e  stccriIIg wlIccl  is lncc}lanic.ally  discollllcctcd
froln  tllc ])owcr  st,ccrillg  gear aIld aIl clcc.trical  sig-
Ilal gcIIcraLcd  by tl)c ]Ilo[lcl-follolv illp; cmli,rollcr
lJccoIIIcs tllc ill])ut  to tJIc froIlt  stccrillg; actuator .
III Lllis  way tlIc yaw rate rcs])o])sc  of t}lc  V1)’J’V is
adjusted C.olltili[}(>llally  to IIIat  Cl I that of tl)e tar-
get vc}lic.lc.

OJIC adlnissiljlc  class of corltro]  laws that  could
be used to iI[l~)lcIIlcllt  tlIc ahovc cOIIcc])t  is:

11(s) = 7’(s)  &s~7(s) -  (;(s)y(s) (’i)

It IIas O1)L!  o u t p u t , u, tllc control sifylal  to tlIc

4

\r])’J’\T’s  stccrillg ac,tuator,  and t w o  irll~uts,  t~ic
lncasurcd  stccril~g WIICCI  coIIllIlalld,  6,$11/,  and t,hc
Illcasurcd  output, y (c, g,, yaw rate). ‘J’IIc tra]]sfcr
ful)ctiolls  Y’(s) al)d L’(s) dcllotc t h e  fccdforward
aIId feedback coI Itrollcrs,  rcs])cct  i vc] y. If G}l(s)
dcn]otcs tlIc  tralisfcr  fuIlctioIl  of tlIc VI YJIV, fro]]]
tllc!  colltro]  illl)ut  u to tJIc Ir)casurclIlcIlt  y, thcm:

y ( s )  =  G’v(s)v(s)>

= (;v(syi’(s)d.q~ r(s)

-  Cv(s)c(.s)?y(s) (8)

Y(4 , GV(S)7’(S)

i.$w(s) i–+ Gv(s)c’(s)

~ G’,ej(s) (9)

wlicrc  CT, j dc]lotcs  t h e  iIll)ut-to-oLltlJ[lt  traTls-
fcr function of tllc  target (or rcfcrcllcc)  vcllic,lc.
OIIC so]utioll  of Y’(s) tlIat satisfies (9) is: ~’(s) =.

{ Gv

] ( s )  -1 C(s)} GTCj(s). ‘1’lm cmltrollcr arcllitcc-
tllrc t h a t  i][l~)lclllcrlts  this ])articular  solution  i s
sul[llnarizcd  by the following cquatioj]s  and dc-
l)ictcd  iIl l“igurc  2.

yr,j(s) = G,cf(s)6,$\~(s) (lo)
fccdjoru)ard

A

- C&J {y(s) -- y,,j(s)} (11)

fmdback

AII advaIltagc of usiltg  tllc  fccdforward coIIt,rollcr
is to acllicvc  quick systcIIJ  rcspoI]scs  to stccri Ilg
WIICCI COIIIIIIaIIdS.  ‘J’IIc f e e d b a c k  coIltrollcr  will
cIisurc  g;ood trackil)g, CVCII  ill t]lc  l)rcscIIc.c of cx-
tcrllal disturbances.

]Ilstcad  of using;  tlIc  vclliclc  yaw rate II1casurc-
IIlcllt,  Otl]cr  vclliclc’s  l]]casurcll)c~lts  SUCII  a s  its
lateral accclcratioll (at tl]c  vc]liclc’s  e.g. ), sidcsli])
<IIIF;]C (at t}lc front or rear bL1llI])CI”),  al)d roll aJlg]C
could  a l so  lJC USCXI. IJatcral  accclcratioIl is lr)ca-
surcd  Usi]]g a]) accclcmI]]ctlcr,  alId sidcsli]] aJlgl  C
is IIlcasurcd  using  all optical SCIISOI.

]?1 ]tiguJ’(!  3, a lllodc:]-fo]][)~villg;  Colltro]]cr f o r
a Vl)rJ’\~  with bot}l tllc steer-try-wire and four-
WhCC]-StCCl”i  IIF; scrvorrlccll  aI)is Jl)s is il]ustratccl.

IIcrc, bot]l tllc  VI)  ’. I’V’S  yaw rate and  lateral ac-
cc]cratio]l  zLrc ll]casL]rcd  aIId coIII])arcd  wjt]] thc!ir



I“ig\irc  2: A model-fol]owing Vl)rl’V wit],  SIJW

c.oulltcrparts  that  arc colnputcx]  on board usillp;
two  trallsfcr  futlctioIls: stlccriIlg wliccl allglc to
y a w  r a t e  aIid stccrillg  w})ccl  angle  to latxral  ac-
cxdcrati{nl. l’;rrors bctwccvl  the desired and  ]I~ca.-
sllrccl  vclliclc’s  yaw rate and la,tcral  accclcratioll
arc used to coIItrol  both tllc froIlt  aIld rear stcm-
illg actuators. ‘1’lIc ill-l~}lcIllel)tatioIl  of Lllis ItIodcl-
followi]lg  col]trollcr is relatively more involved,
t)ut, ty])ically  yields bcttm results (see “ltlIIula  -
tioIl ILcsults”).

llll~]lclYlcIltai,ioIl  ]ssues

‘J’hc following issues lnust  be coIlsidcrcd  iIl iln-
]Jlclliclltillg  tllc IIlodcl-folk)willg  colltrollm.

●  ~Jsillg  lloll]illcar  approximate  velliclc

models.

‘J’lIc block  d i a g r a m  depicted  in  l“igurc  2
is mcful for cxplaiIJillg  the Inodcl-followil]g
collcc~)t, but t}lc s y s t e m  caIlrlot  bc ilnp]c-
ll~clltml  as it is SIIOWII iIl t ha t  f igure .  ‘J’}lis
i s  bccausc  tl~c illvcrsc  Vl)rl’V vchic.le  II Iodcl
Gv’ (s) is g;cllcrally  IIot rcalizab]c. l]owcvcr,
tllc cascade  colnbillatic)ll  of tlIc target  vc-
hic]c  IIIodcl and t}lc iIlvcrsc  VI)’J’V vcliiclc
IIlodcl ill t,}Ic following cquatiol]  is rcali~,al~lc
ii’ tll[c relative order of GTCj(s)  (the dcgrcc  of
GTCj(s)’s dcIlolI)iIlator  ~)olyllo~nia]  -  tl)c dc-

tj

Figure  3: A ~]ioclcl-follc)}virlg VI)’1’V with Sl\W ancl 4 W S

●

glee o f  GTCj(s)’s  IluTllcrator  ]JolyJloIIlial) i s
larger t}IaII that of Gv(s).

l~arlicr  0 1 1 ,  wc IIlclltiorlcd  that  OIIC advatl-
tagc o f  using  t}lc fccclforward  colitrollm i s
t o  ac.hicve f a s t  vcl)iclc  rcs~)oIIscs  t o  stccr-
illg wlIccl coIIIIIlaIlds. ‘J’llis  advmltagc  is rc-
taillcd  evcII if wc usc rcducccl-order apl)roxi-
lnatioIls  of the transfer fuIlctioIls  GTCf(s) and
G,, f(s)L’~l (s). Also, ~loticc that  both tlIc rcf-
crcIIcc  vehicle tnodc]  aIId t,lIc illvcrsc  W) ’I’V
lIIodcl COUICI  be Ilollli Ilcar  w i t h o u t  causilig
ally s tabi l i ty  problcIII  bccausc  tllcy  oIIly a])-
pcal ill tllc fccdforward ]mtll.  Accord  iIlgl  y ,
tllc  lll[)clcl-fc)llov’iIlg  dcsig]l IIlctllodo]ogy  i s
cqual]y  ap])licable  i]] situatioIls  wlIcrc it i s

iIn}JortaIlt  for tllc  VI I’J’V to track il]lporta.llt
)Ionlillcar  dyIlalrlic  bcllavior  of tl]c tarf;ct vc-
IIiclc  (e.g., load transfer ;LIId tire force  satw
ratioIl  ill }Iigll-g  lnallcuvcrs).

Nell-1~-li~lil~lllIl~ phase  systelns.

IJct Cv(.$)  A iVv(s)/l)\/ (s), Wllcrc! N “ ( s )
and  l)v(s)  arc tllc l)uIllcrator  and df:-
IIolninator  o f  tllc  VI)’J’V traIlsfer  fur]ctioll,

rcspcctivc]  y. SiInilarly,  l e t  G’T,j(s) *

lVTCj(s)/l)rC.  (s), 7’(s)  A AT1(s)/l)7(s),  a~)d



~(s) Q= lVC(.S)/]~a(S).  Subst i tut ing tllcsc  re-
lations  illlm equation (9) give:

y(s)lvy.(s)lh(:)

1)7(.$){))v(s)I)c(s)  + m(+fic(sjj
- N,,f(s)
--——

l),,j(s)
(12)

],ooki])g  at t]Ie nu)ncrators  011 both s ides  of
tlw equatiol~, if a factor of iVv(s)  is IIot a
f a c t o r  o f  lV,C~ (s), thcII  it Inust he a factor
of l~?I(s){l& (s)l)c(s)  -i iVv(s)lVC(s)},  ‘J’l~at
is, it )nust be cancc]lccl  by a C1OSCCI-1OOJJ  ]mle.
SiIlcc tllc closccl-loop  systcIn  must  lx: stab]c,
it follows that oIIly stable zeros of JVv(s) Inay
bc canccl]ccl.  ]Icncc, t h e  proposccl  IIIodcl-
followiI~g  Incthoclology  CIOCS not work witlI a
(;v (s) that  has onc or more u]lstab]c zero’s
(llc)I1-ll-lillilllllIn  p h a s e  systcln).  ‘J’hc tral,s-
fcr function  of tllc VI I’J’V’S stccrillg whcc] to
sidcsli])  a]lglc,  at hig}l speccl, is ]loll-]r]i]lil]~~llll
p h a s e .  IICIICC,  spccia] c.arc  Inust bc takcll iII

using tllc sidcslip  allglc  lncmurcrIlcllt  ill tlIc
IIloclcl-following  control method.

● Sensitivii,.y  to modeling errors.

It is un rea l i s t i c  to assuInc  that the V1)’I’V
II IOCIC1  u sed  iIl tllc fmxiforward  path of  tllc
Inodcl-following  control]cr  is hig])ly accurate.
‘J’}] crcforc, it is i~nporta.rlt  to ulldcrsta]ld  lIOW
]nodc]illg  errors will iI]flucIlcc t}Ic closml-loop
stability pro]) crtics of t]IC corltro]]cd  vc]lic]c.
‘J’o this  cIId, le t  us  assume t}lat tllc Inodcl-

following dcsigll  is based 011 a VI) ’J’V’S tralIs-
f c r  fullctioxl Gv(s). l,ct u s  furtl}cr  assul]lc
that  the trLlc  Inoclcl of the VI)’JIV  is G?(s).
It was provtml  in ltcfcrcllcc 10 that the ckEcd-
100]) systcln  is stab]c  if ~hc InodcliI)g  error is
boLIIldcd  as fo]]ows:

wlIcr(: I }i I dmlotcs  thC Jnodulus  of the COIII -
plcx  llulllhcr It.

OIIC w a y  t o  illtcrprct  this iIlcquality colI-
straiI]t  is as follows. l,ct c(s) = 1<~~, a silll])lc
])ro~x)rtioI]al coIltrollcr.  ‘J’hc following  trade-
off Inust  tlICII bc made ill sclccti  Ilg A’l,:

●

- If’ K], is large, the closed-loop bandwidth
is incrcascd,  and tllc VI)’J’V output will
track t}lat gmlmatcxl  by tllc target  vdiiclc
11 Iodcl very closcl y. 11 owcvcr,  t hc error
WWCCII the true VIYJ’V Jnoclcl arid t ha t

uscxl  i]) t h e  l130clcl-follo\viIlg c o n t r o l l e r

IIlust bc very s]l}all  to cIIsurc closed-locq)

stal)ility.

- If l{]> is sIIlall, tlIc rcquircII)cIlt  011 Inoclcl

accuracy is relaxed, 11 O W C V C I”, the resul-

tant  V1)’1’V  out])ut  lnigllt  Ilot track that
of lJIc target vchiclc  Inodel  very well.

Model-fol lowing lnclcx.

III this study, the “lIlo(lc:l-followiIlg”  qual i ty
of the coIltrollcr  is detcrrnilted  usiIlg  the fol-
]owiIIF; tilllC-dOIIlaiJl  pcrforInaIlcc  critcrioIl  Jv:

IIcrc, y(i) is the V1)’I’V rcspoxlsc  to a stmcril]g
colIIIIla.Ild  6Stv(t),  and yre~(t)  is  that  of  the
rcfcrmlcc  vcdliclc  II Iodcl.  ‘J’wo classes of stccr-
illg colnlnaIlds  arc used in t}lis s tudy.  ‘J’he
first class consists  of step stccrilig  coII)TnaIlds.
SiIlcc a true step is physically iIn~)ossiblc,  t,hc
stccrillg colnlnalld  is raTIlpcd to  i ts  steady  -
statc value at aIl uIliforIn  rate of ] ’20 clcgrccs
pcr sccoIld. ‘J’ltc  resultant Inancuvcr is COIII-
InoIIly ca]lcd  a  J-turIl Ina Ilcuvcr. ‘J’hc scc-
olld class coIlsists  of siliusoidal  stccril~g  corrl-
IIlallds. ‘J’}lis class of stccril]g COIIIInaIIdS is
used  frcqu(:lltly  ill lallc  cha.]lgc  IIjallcuvcrs.

~’lIc iI]tcgratiorl  tilllc  1’ ill Jv i s  a  c.liaractcr-
istic  tirnc associated with tlIc stccrillg; coin -
IIlaIld. 1~’or pseudo step stm.riIlg  com?nands,
7’ is sclcctcd to bc 2 SCCOIICIS. ‘J’}iis tiTIic  dura-
tioIl is loIlgcr  tlIaII the settling tiIllc of citlicr
tllc  Skylark or ‘J’aurus yaw rate rcsl)oIlscs  to a
stcJ) stccri Ilg coIIIInaIId.  IJor sillusoida]  stccr-
iIlg coII]l[lal]ds, ?’ is t}Ic ])criod  of the sinu-
soidal stccrillg ~)rofilc.

‘1’llc ]mfor]])ancc  illclcx  JV i s  sll)all i f  y(t)
t r a c k s  y,,,(i) very closdy.  Since tllc fccclfor-
ward coInpol IcIIt of the lllodd-followi  Ilg col I-
trollcr i s  f ixed  I)y tl~c V1)’J’V and rcfcrcllcc



●

vclliclc  Inod14s, t}Ic feedback coIItrollcI  c)(s)
i s  tllc oIIly Incalls t h a t  wc caIl usc to IniII  -

i).lizc  3V. SiInplc  p r o p o r t i o n a l  ~)lus i)llmgral
C<> Iltro]]Crs (C(s) := ](}J ‘1 ]’(J / . $ )  a~c ufi(!d ill

ttiis  s t u d y .  ‘J’hc proportiolla]  gain  lfl, w a s
iteratively adjusted to achicvc slnal]  Jy’s for
both classes of steering comIna,nds,

Gain scheduling the controller gains.

Vclliclc  trallsfcr functions, froIn  the stccriIlg
WILCC1  allglc  to both vchic]c  yaw rate and  lat-
eral  acceleration, arc fu?l ctiolls  of vclliclc  for-
w a r d  spcccl. l“or cxaInplc,  the lateral acccl-
mation gains of ‘J’aurus  (steady-st,atc lat,cral
accclcratio]]  iIl g’s pm 50 dcgrccx  of steering
wlIccl ang]c  excursion) at forward slJcccls of
SO, 100, a]ld 120 km/hr  arc 0,46, 0.56, arid
().64 g/dcg,  rcspcctivc]y.  ‘J’o ac]licvc  opti-
lnal  ~nodcl-fol]owiIlg  r e su l t s ,  t]lcrc Inig]lt  bc
a IIcccl  to gaill-sc,llcdu]c  tl]c  control ler  ga,iI)s
K], and  K] as fullctioI]s  of t}lc vc}liclc f o r -
ward s]xmd.

Onc way to synthesize the feedback coI~trollcr
(7(s)  is to dctcrInillc tl]c  optiInal  va lues  o f
Kl~ aIId K] over a speed rallgc of illtcrcst.  A
look- up tab]c can t}le)l  bc coIlstructcd  from
whic]l a~)propriat,c  va]ucs  for K}} and ](1 a r c
dctcr]llillcd,  based upon the lneasurcd  vclli  -
CIC forward s])ccd.  A siIn~)lcr  I~)ctllod  is used
ill this study ill w}lich a co~npro~niscd  set of
K), and K] is dctcrminccl  and used  fo r  t]lc
entire raIlgc  of vclliclc  s])ccds.  ‘J’his  a])])roacll
~;rcat]y silnp]ifics  the iIIl]~lc~~lcIltatioIl  of the
c.mltrollcr.

Fhnu]ation  lksu]ts

‘J’lIrcc ])roductioll  vchic]cs  were  used  iIl t h i s
study I)cca,usc t]lcy  span a, broad  ral Igc o f  ])as-

scl)gcr vcl~iclcs: Slnall-size ltscort,  COIJl])aCt-Si  ZC

Skylark,  and I~)id-size ‘J’aurus. ‘J’]lc slr)a]]-sixc ]I;s-

cort was sc]cctcd as the Variable l)y~la,r))ic  Vclli-
c.Ic, and is used to cInulatc  tllc lateral rcs])o]]sc
cl]aractcristics  of tllc Skylark allcl ‘J’aurus,  ~oIn-
pariso]ls  of pseudo-step rcspol]scs  of tllc Skylark
to t}losc  of the VlyJ’V  arc given ill ]“igurcs  4,
5, arlcl  6 for coIll,rollcrs  using yaw rate, accclcra-
tiwl, as WC]] as yaw rate a,I)d accclcratiol] IIlca,-

y_.,.-._7-——––––- r– Y——.!C;:5;Iicz:~i~j
o 02 0.4 0.6 08 1 1 2 1.4 1.6 1.8 2

Tm)e [see]

l~igure 4: Skylark cmulatioIl  resu]ts  (yaw rate)
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F’igurc 5: Skylark crllulatiorl  results (acceleration)

surc]]lmlts,  Iwspcctivc]y. lUInulatioIl  r e su l t s  ob.
tai]lcd  wit]]  tl]c ‘J’aurus arc ,givcIl  iI\ ]“igurcs  7-9.
l“or brevity, tilnc rcspo]lsc  rcsu]ts  obtaiI}cd  using
ot}icr lncasurclrlmlts,  aIld tllosc  obtai  Ilcd with si-
]Iusoida] stccri]]g  coIrlTr]a]lds arc Ilot givc]l  llcrc.

All t}Ic results dc])ictcxl  ill l~igLlrcx  4-9 arc ol)-
iaillcd at a  f o r w a r d  SIJCCCI  of 1 0 0  kln/l}r.  ‘J’lIc

dcfli:ctivmlcss  of tlIc  IIlod ~, fo]lowillg  coIltrollcrs  ‘
carI bc j u d g e d  by coIn~)uti  Ilg tllc iIldiccs ,]T al)d

1. ~VY. ‘J’hc  IIlagIlitudcs of these iI)diccs for both tlIc

S k y l a r k  all(l  ‘] ’aurus ~)scudo- stcl) ICS1)OIISCS,  ove r

a  S1)CCXI  rarlgc  froIn so to ] ‘j?(l kIrl/]lr, a r c  suIIl -

.
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l’igurc 8: ‘1’aurus cInulation  rcsu]ts (accclcraticm)l’igurc  6: Skylark c]nulation  results (yaw rate and ac.ccl-
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II)arizcd  iJI ‘J1ablc 3. Model-followillg illdiccs  for
vclliclc  rcs~)onscs  to 0.25-l Iz sinusoidal stccrillg
co]nmal)ds  arc surn~narizcd  iII ‘l’able  4 .

11’roIn 1+’iguTm  4-9 and  ‘J’ablm 3-4, wc ]nakc tlIc
followil]g  obscrvat,ions:

● I’HTccL of vehicle mcasurcnlents used in

tl~e feedback loop

If yaw rate mcasurcIncI}t  is used, the rcsul-
tani  Jr is C1OSC to zero (i.e., perfect Inatclling
of tlIc VI I’J’V’S and target vclliclc’s  yaw ra,tc
rcsl)onscs).  ‘J’hc corrcspondi)]g  Jay, is  larger
tllal]  Jr. If, instead, tllc lateral accclcratiol]
lncasumncllt  is used, thcll Jayu is C1OSC to zero
while that  of Jr is larger. A Vl)’1’V with  both
yaw rate al)d acceleration feedbacks has sI1lall
Inodcl-followiIlg  iI]diccs  for both yaw rate aIId
accclcratioll.

● Using roll angle measurements in the
feedback ]OOP

l+;Inulation results obtaitlcd  using  the roll all-
glc IIlcasurcIncllt  arc given in ‘1’ablcs  3 allcl
4. [1’lIc model-following index of the vchic]c
r o l l  allglc  (Jd) obtaillcd,  IIOt givcIl ill ‘1’ablcs

3 aIld 4, is very CIOSC to zero. IIowcvcr,  the
corrcspolidillg  Jr and JO,YY arc very large whcII
colrlparcd  with tllosc ot)taiIlcd  wi~ll lllcasurc-
IncIlt  of  yaw rate, l a t e r a l  accclcratioIl,  or
both.  ‘J’his  is Ilot uncxpcckd,  a)ld IIlay bc ex-
plained as follows. At a forward speed of 100
kII1/hr  aI]d w i t h  a  50-dcgrcc  stccri]lg  whcc]
aIIg; lc cxcursioll, tlIc  steady-state yaw rate,
ac,c.clcratio  I~, a~~d ro l l  aliglc  of all ltscort  arc
1 3 . 2 4  dcg/s, 0.603 g, aIld -2.89 dcg,  rcsl)cc-
tivcly. ‘J’}Ic  corrcspondiIlg  values for Skylark
arc 10.71 dcg/s, 0.477 g, and -2.83 deg. lta-
tios of t}Icsc two sets of vcbic]c  steady-state
values arc: 0.81 for yaw rate, 0.79 for acc.cl-
cratiml, alicl  0.98 for roll aIlglc. Note that
lJIc gail) ratio for yaw rate and that  for lat-
eral ac.cclcratiol~  arc allnost  idcIltical.  II CIICC,
IIlatcllillg  t}lc yaw rate rcspoIlscs  of the vc-
IIiclcs is cquivalcl)t  to InatchiI1g  tllcir lateral
acc.clcratiol  I rcspon  scs , at least iIl the steady
state. ‘J’llis  cxplai]ls w h y  b o t h  Jr and  Jag,
arc sIIIall wbcII wc usc  only t}lc yaw rate or

oIIly tllc  lateral accclcratioll Incasurcr[lcnt  iIl
tllc  fccc]l)ack  loo}). 011 tllc Otll(!r haIld,  t h e
ratio for roll aIlglc and that for yaw rate (or
lateral accclcratioIl) arc very difi_crcllt.  If tllc
VI)’J’V stccrillg  aIlglc is c.oIltrollcd to achicvc
]mrfcct  l]~atclling  iIl vclliclc  roll rcspollsm,  tbc
corrcsJ)olldiIlg  Illatchillgs  of the yaw rate and
lateral accclcratiml responses caIlnot  bc good.
IICIICC, roll ang]c  lIlcasurcIncIit  shou]d  oI~ly bc
used if the ~naill  objcctivc of the vc}liclc  clnu  -
latioIl  is to acllicvc  pmfcct  lnatc.hiIig  iIl vclliclc
roll responses.

● LJsing  siclcslip  angle  measurements in
the feedback  ]00]}

At a forward speed of 100 kln/hr,  the tral~s-
fm fuIlctioIl  of tllc  VI) ’J’V’S stccriIlg  W}ICCI to
sidcslip  allglc  is ~loI~-11-liIliII-11111~  phase. ‘J’}lis is
t r u e  rcgarcl]css of wl)ctllcr  tllc sidcsli})  aJlglc

is lncasurcd at the front or mar I)ullll)cr.  If
the sidcs]ip  a])glc is lncasurm.1  at the front,
tl]c trallsfcr  fuJictioIl zeros arc: -I 3.20 a n d
-14.Olfi 9.57~ rad/s. llcIIcc, i t  i s  a  IIOII-

Inillilnuln  pltasc  systcIn! 1 lowcvcr,  t rans-
f c r  functions  at all vcliiclc  s})cccls  bc]ow 85
kIn/hr a r c  II1iIliInuIn p}lasc.  ]’or cxalnl)]e,
at a forward speed of 60 kIn/hr, t}lc  zeros
arc: -3 .29  and  -13.693 7.56~ rad/s.  IICIICC,
ihc sidcslip  aIlglc IIlcasurcIncIlt  could bc used
ill the lnodcl-followiIlg  c.olltrollcr  fo r  vchick
s~)ccds  bctwccIl  40 aIld 60 kII1/}lr (c f .  ‘1’ablcs
3 and 4). ltlnulatiol]  results obtaillcd  using
t h e  sidcs]ip  al)glc IIlcasurcIIlcIlt  a rc  reasona-
bly good for Skylark. ‘J’lIOSC obtai Ilcd with
tl~c ‘J’auTus  arc ~)oor. ‘J’his  is cx~JlaiIlcd  as fol-
lows.

At a forward sl)ccd of (iO klI]/]lr,  a,Ild wit]] a,
givcIl  stccri]lg  whcc] angle excursion, wc can
easi ly dctcrIniIlc t}lc stca.dy-stat{!  values of
tllc  l’kcort’s  yaw rate, sidcs]il) aIlglc,  and  lat-
eral  accclcratioIl. ‘J’}Iosc  for t}Ic Skylark al]d
‘J’aurus  could  also bc silllilarly  coIn~)utcd.  lta-
tios bctwccll  Skylark’s aIId ]I;scort’s  stcady-
statc va]ucs  arc: 0.90 for yaw rate, 0.88 for ac-
cclcratioI),  and  0.80 for sidcslip  aIlglc. ltatios
bctwcml  ‘J’aurus’s and  l’kc,ort)s  s t e a d y - s t a t e
values arc: 0.91 for yaw rate, 0.92 for accclcr-
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aI,iOII,  a]lcl 1.39 for sid{!sli  IJ allglc.  Note that
tlIc three ratios bctwccn  Skylark and ltscort
yaw rate,  sidcslip allglc,  and lateral accclcl-
ation values arc very close to OIIC al)otl)cr.
Jlmlcc,  ]natchi  Ilg ihc vclliclcs)  sidcsli]) all -
glc rcs]~ollscs is cquivalc]lt  to lnatc}~il~g  tllcir
yaw ra te  and ] atcra] accc]cration rcspoI  ISCS,
at least ill the s teady-state.  011 the ot]lcr
hatld, the ratio trctwccn  the ‘1’aurus  and  I(;s-
cort sidcs]ip  aIlglcs  deviates significantly froIll
those of tllc yaw rate and lateral accclcratioIl.
IICIICC,  tllc g’aLlrus’s  JT and  Jayv  obtaillccl  us-
ing  t}lc  sidcs]ip  a,rlglc  mcasurc]Ilc  Ilt arc laIgc.

Colnplmncnt,ary filter.

‘J’IIc controller  s t r u c t u r e  dcpjctcd  iIl ]“igurc
2 dots IIot guarantee pcIforInarlcc  r o b u s t n e s s
agai Ilst ullccrtaintjcs  j]] t h e  plaI]c IIlodcl Gv(s).
‘J’o  acllicvc  IIlodcl-followiIlg,  CVCII  iIl the prcscIIcc
of unccrtailltjcs,  wc usc the ‘(colrlJ)lclIlcIltary fil -
tm-” a.p])roacli d i s c u s s e d  and usccl  ill }1.cfcrcllcc
] ]  ill t]lis  sLLldy.  Sec a]so t]lc  “~rlodc]iIlg e r r o r
coInpcIlsatjoIl” controller approach discussed ill
l{cfcrc]lcc  12.

III t}Ic ]nodificd  coIlt,rollcr  arcllitcctur-c  IJicturccl
ill lrjgurc  10, a lloInirlal  control arc}litccturc  wit]]

fccdforward  alld fccclback contro]lcrs  is  clcsjgIlcd

using steps clcscribcd above.  AII additioIlal feed-

back loo~) (wit}lill the shaded area) is added to
this basclil~c design to coln])cnsa.tc  for Illoctclillg
errors bctwcc]l  tllc true aIld IlomiIlal  Vl)rJ’V Inod-
CIS. ‘J IIIC colll])lcIncntary  f i l ter  proc]uccs  all addj-
tioIlal  feedback sigIlal that, js computed usil~g  tlIc
jll})llt  arid out,])ut  s i g n a l s  o f  the VI)’llV G8(s),
the llo~IliIl:Ll  VI)’I’V Inodc]  Gv(s), as W C]] as tllc
trallsfcr fullctio]l  KI~ (s):

‘J’able 3 Moclcl-followiIlg  iTldiccs for ]mcudo-stc~)
stcwrillg colnl[lallds

h~casurc-
Illcllt(s)

r

c1 ~y

7“ & avy

I

$“

---p

Spcc(l
(km/hr)

80
100
120

80
100
120
xo-
100
120
80
100
120
80-
100
120
80
100
120
80
100
I 20
80
100
120

Skylark

(~)___
J,
()+
()+
()+
JaYY
0.06
0.08
0.11
0 . 0 6
0.10
0.14
07”
()+
()+

0.30”
0.03
0.01
0.03
0.08
0.01
4.18
4.13
4.07
!5.39
5.41
5.42

40 ~ 0.06 ‘“
50 0.22
(;0 0.84
4 0 0.03
50 0.11
60 0.61

‘J’aillls

(%)

04
0 +

0+

0.17
0.20
0.24
0.29 “’-”
0.41
0.57
OJ
04

0+
0.02
0.02
0.01
o~ ‘-

0.01
0.02
2.99 ‘-

2.97
2.%
3.65
3.65
3.65
2.02
3.79
8.21
1.39
2.89
6.76

Q!): 1“011 al,glc,

/3: sjdcsli*J  ang]c  at  fro,,t  bu,n~mr,
au~: lateral accclcratioIl at vc}liclc’s e.g.
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‘1’able 4 Model-following indices for sinusoidal
stccrillg  C,oll)rl allds

S])ccc-i

(k*n/hr)

80
100
120 . . ..—

80
100
120_.— — .-
-80
100
120
so
100
120
“80-”
100
120
80
100
120
80- ‘-’ “-
100
120
80
100
120

40 ‘- “
50
60
4 0  ‘- -

50
60

. . . ..— —
Skylark
.(%)~,: -.

@
()+
()+

J~vv
0.07
0.11
0.15
0.07
0.]1
0.15
“o+--” ‘-”-
()+
()+

-..
0.04
0.04
0+

0.27
0.08
0.02
4.47
4.43
4.36
5.71
5.73
5.74

0!09 ‘“
0.30
1.14—- .
0.04
0.20
0.99

‘1’aurus
(%)

0+
()-l
()+

0.26
0.33
0.41
0.30
0.39
0.51
@ ‘-–-”-
0+
()+

0.03
0.04
0.01
o$–-–

0.01
0.02
3.41
3.39
3.37
3.80
3.80
3.79

2.11
4.03
8.85
1 . 7 0
3.50
8.13

(15)11(s) =.- --#~ys)
(1 +- T,,s)

wlIcrc  KII  is a constarlt.  ‘1’}Ic  f a c t o r  (1 -1 TIIS)N
(wlIcrc  iV > tlIc  rclativcdcgrccof  tllctralisfcr
fullctiol~ Gv(s)) in the dcnolninatmof  11(s) i s
u s e d  to cIIsurc  t}lat  i,lIc rcsult,mlt  coIIl~jcnsator
)1(s) is rcalimblc. S ince  it is clcsirablc  to avoid
llaviIlg  hig]l  gain at high frcqucllcy,  the tiInc colI-
stallt  T}{ i s  sclcctcxl  to hc about tcIl t,illlcs  tllc
tinlc  constant of tllc VI) ’1’V’S lateral T-CSJ)OIISCS

(7,, :- ]0 IJISCC). ‘J’]Jc  adva]ltagc  of this I]”lu]ti-
p]c feedback-loop arcllitccturc  is that  the nolni-
llal coIltrollcr atld  the c.cJI]l~)lc]IlclItary  filter could
bc dcsigIlcd  illdcpcIldcIltly,  ‘J’lIC coI~)])utatioI1al
rcquircIncIlt  is also rcasoIlablc.

‘1’0 i]lustratc  tllc  cflcctivcness  o f  t h e  colnplc-
]JlcIltary  f i l t e r ,  coI]sidcr  the  sccIlario  WIICII tJIc
ltscort-basccl  Vl)~’V  is used to cmu]atc the lat-
eral  dynar]]ics  of Skylark using t}lc  yaw rate Inca-
surcrncnt.  At a forward sl)ccd  of 100 kln/hr,  and
whcIl tlc Ilscort  IIIodcl is knowIl exactly, tllc rnag-
Ilitudcs  of t}lc  lnodc]  followi Ilg irldiccs  arc: JT =:
5.03 x 1 0- 11% and J.,, = 0.08% (cf. ‘1’able 3
and l“igurc  4 ) .  ~,onsidcr  Ilow t}lc sccnlario W}ICII
the  ac tua l  l;scort IJIodcl  (G’:(s))  IIas t,lJc  follow-
ing  dcviatioI]s  froln  t}ic Fkort  )nodc]  used iIl the
fccdforward coIltrollcr  (Gv (s)): 40% incrcasc ix]
both tllc vclliclc  wcigl]t  aIld yaw Inmncnt  of illcr-
tia, 3070 drop iIl tllc  froIlt  tire corIlcriIlg  stiff] iess,
arid 3070 illcrcasc iIl the rear tire cornering stiff-
I~css.  ‘1’hc resultant model-followiI]g iIldiccs  have
tllc following sigIlificarltly  dcgra,clcd  values: Jr =-
0.74% and Jay, = 1 .02% (cf. l“igurc  1 1). ~i’he sit-
uatioIl  is partially rcctificcl  usi Ilg a coln])lcIncrI-
tary filter wit]) KII = 1 .  ‘J’llc I“csultallt  modcl-
followiIlg  iIIdiccs  a r c :  Jr =. 0,0009y0 and Ja9y =.
0.037Y0.  ‘J’}tc  cffcctivcllcss  of  t}lc coInplcl]lcIitary
filter is vividly illustartcd  in ]“igurc  11.

Conclusions

‘J’hc “lnodcl-fo]lowil)g”  dcsigIl IIlct}lod  w a s
used  ill this study to gcllcratc feedback  and
fccdforward  coIltrollcrs  for  uscs with a variab]c
clyIla  I]lic velliclc  cor]figurcd  wi th  s t ee r -by-wi re
aIId/or t}lc  four-  whcc]-stccrillg.  lJsi  Ilg Inca,surc-
lncnts  of yaw rate aIld/or  lateral a.ccc]cratiorl,  this
colltro]  dcsifyl Inct}]od cIlab]cd  t}lc  va,riablc  dy -
~laInic  vclliclc  to accuratc]y track tllc lateral rc-
s~)oliscs  of a target vclliclc  to boi, ]l stcl)  and sil)u-.
soidal  stccrillg col~~mallds.  ]’clforlIlaricc  dcgrada,-
tioI] due to ~llodcliIlg  uIiccrtaiIltics  was addrcssccl
I)y t})c illtroductiol]  of a SCCOIICI “coIIl~)lcIIlclltary”
fccclback  100]). Our results illdicatc that the pro-
]) OSCC1 systcIn  is  a  good carldidatc coIltrc)llcr  in
~[lodifyiIIg  the lateral rcspolisc  cllarac.tcristics of
a variable clyIlaIIlic  vchic]c  to IniInic  tllosc  of a
tfargct vc}liclc.
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