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Vehicle adaptive cruise control design with optimal
switching between throttle and brake
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Abstract Fofrchicle adapdre cruise control (ACC) systems. tbe ssitching perlomaoce bes-een tbroule and brake
delennine\ rh( Jrn ing (onind, fuel con nmption rnd serlice lives of vehicle nechmical components. In this paper, an
Acc rlgo trhn qilh rlre oprimal srinhin! lunrrul beMeen thfonle and brale is desrgncd in model pEdictil€ contrcl
(MPC) lianework. Bt intrcducing drc biDa.t iDreger lanables,lhe dFnnics of throttle and brakc ae inteerated in one
nodel expr.sion for the.ontroller design. Then the ACC algodthm is d.siened ro satjnl nol only saG cu follorTg. bur
also$e oflimrl sqncbingbetweenlhrottle and bralre,{hich leads to an online mired integerqnadrati.programming soived
bl the nested lvoimp nethod. The sinulalion results sbow tbat the proposed ACC algorithn meer! tbe requnements of
sate cariolloqing. outprrforns rhe iraditioDal algorithns by perforning snoolhefrcsponses, rcducing the switchiDe limes
berween thrclllcaDdbrate, lnd iherefore improre\ .iriling comfon and fueleflicien*' signiticanrlr.

K€lsords: Adaptive cruise controliModel prediclile contrclr Oplimal ssitcbingi Tbrcrtle; Brate

I Introduction
Ad\anccd driler assistant (ADA) sysrens afc intro

duced lo relicve hunun drivcs f.om routine la\ks, increase
dri\ers' s ety and comtbft, reduce fuel consunpLion, rnd
improye frecwly capacity. Examples of ADA systens arc

"Janr i \ (  
( ru i .e.unrrol  rACC, 

' ) "em..  
I  ane-Keet int  . ) . -

tens. collision aloidnncc (CA) systems, andetc. tl-31.
An ACC \€hicle adjLlsts ils slccd at a predelined vrlue

Fhen there is no preceding vehiclc. Whcn a preceding ve
hicle is dctccrcd in the same lane, i1 automatically follows
fte preceding vchicle with a desired spacing. The contrcl
archilecrure for aD ACC syst m is usually designed ro be
hierar.hi . r l rnd (orNr.( ,  of  r { .  c.nrroler\  ' l l  the Jppc.
re\er conlorrcr  dcrelnrne\ Ine de!r?d ccLelerf | run Io . r l
rqy ne Rquren)cnr( DJ\cd orr rer\ured {snar\: and rhf
louer 'e\el  connol l<r  h.r \Jrc\  Ine code)Dondin!  dclrJrur
rrnrorr  e or brdre) J. \ . rdrnl  lo lhe ( lc\rrcd.cce erdrron lm n
thc upper level controller In the lowcr lcvet contrcller rhe
switching stratcgy between thm(le and b|ake is rMdition
ally based on rhc simple tbreshold c.ireria [,1,6]: ifthc de
sired accclcntion frcm the upper level controllcr is ldger
rhan a critical vdluc, lhc throttle is acrivated, or rhe brakc is
aclivate.d. While tu Ul, thc switching ruleis derermined ac
cording ro rhe cunentlrainc situation, which willcause rhar
thc switchirS is sensilile to the surounding (mffic condi-
tion. Morcover, resear.hers have proposed a swirching c.i-
tenon by calculating thc throtrle and brake laws snuu.
neously andjudging thc con$ponding si$r oflwo control
la$ I l l .  Abo\e dl l .  i r .Jn bc cen r l -ar  rhe.$irchin!  con
1.ol between rhroule lind bmkc is nor fully considcfcd in
lhe procedure of ACC algorirhm dcsign, shicb rnay cause
ticquent switching, and thus lead ro uncomfo.lable driling,
incrcascd tuelconsumption and mcchanical abrasion of!e-

In this paper. an ACC algorithm with tbe optimal swtch-
ing bctween thronle and b.ake is designed in nodcl prc
Ji.li\c conrrol (VPC) lrdmeeorl Sun! s lonsirudnJl \c
hi( lc 1,odel  Iq l  i . . rn. iddeJ tor rhe. le, isn.  Fu,r .  rhc d)
numics ol th.ortle a.d brake, which cannot be activarcd si
nulrancously, ae integraled jn one *tle-equaion Dodcl
b) introdlcing binary inleger va.iables. Then the goal of
minimizing thc swiiching berween throltle and brake, 1o-
geher $jth thc sat. car follo\ring requnemenls and vehi-
. le cdpJb. l i r i ( .  re nrodclcJ J '  (hc con,rcr  ohie. ' i te.  rnd
(or ' r r . , inr . . r  Aa(.  rc. IEc,r \c.y.  Thc conrro. ler  Je, i8n F
f iJn' Iun.ed r^ be Jn.r l ,n(  n. i \ (J inrc8cr qJJJrJ| | (  prc

-stuDmiDe 
(MIQP). which is solvcd by rbc dcvclopcd nested

two loop method. By simulaling five representativc tfaffic
sccndfios. it is p.oved that the proposcd ACC algorithn
providcs sate vehicle following. and meanwhilc rcduccs
\$itching bclwcen rhrotle and brake. rhe.efore inproves
driving con ort lnd fuel efticiency conpared ro rhe tradi

The rcmitrder ofthis paper is organized as follows: Scc
tion 2 is lhc Drodcling of ACC system, jn which the bi-
nary inle8er variables are irlroduccd to irtegratethe throltle
and brake dyDamics- Sectlon 3 represents the controller de-
sign of ACC. in which thc srirching berseen throlrle and
brakc is fully considered and optimizei. ln Secdon 4, thc
proposed optirnal switching alSorithm and the r.aditional
thrcshold switching algorithn are \imulatcd and analyzed
in various lrafnc situatioDs. The coDctusion is represented

2 ACC system modelinc
For ACC vehicle, Song'longitudinllvehiclc modcl tgl is

.o.sidered, which assumes lhar the ine.lia ofthe engine rnd
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the wheclsare negli8ible. and the torquc converleris lNked

E 1.,
nt i  :  :Lt"  : ] : ! ! .J ] ,  iLt t

t .  . ,
A.ajrAptf  , rssiDl ' .  ( r )

where rx dcDote! rhc vehicle m.s, 1' rcti6 ro thc vehicte
lelocity, Re reprcsenF fie cffecrivc 8.ar rario, ?. ftfers to
thc engine torque. /, is rhe etTective whecl radius. ?|.,"^,
denotcs the maximun brakiDg rorquc, /l refcrs (o rhe bfake
pedalposition [7.], i!,,Ir is rhc rotling rcsistancecoctiicienr,
I rcprese.ts rhc acceleration of Sravity, a"i. derotes the
aerodynamic drag coefficicnt, ,4 refcrs ro the front a.ea of
vchicle, prcpfesenrl rhc air densiry, and dis rhe road gmde.

For thc tbroule chtracterisrics, the dcsircd thrortlc angle
can bccalcularcd as follows t8ll

^  a-  r r  t j r .a( t"  P,a) j
'  -  "  l r r , r r  lnr l  .=r  t  

t2)
whe.e d fcfers ro thc rbrc(le angle. 7f rcftn ro thu cnrpnl
cal thro c ch.racterislics,,a"0 fcpesenrs the nass aifflow
h,c;nru rhe Lombu. ' ,o.chhnbe- ,  .  Fre, .  rJ r . .  enr i  c
specd. P-d is a no linca retarionship berween o .tnd r..
that can be found liom rhe lable lookup map, MAX .eters
to a conshnl dependent on rhe sizc of rhe ftfoftle body, pRI
is the prcssure influence fuDcrio., ,1,, represents the pres
sure in intake haniibtd, and P! refers to the armosphere

Generally. the thronle anglc is regardcd as the ttnotde ,n_
pul lbr the vehicle, bDt since the en8ine nodct equaiion (2)
depends on many flctoB and is often cxpressed in lhe fonn
ol empirical m!p. the concsponding charactcristics arc nor
consideredin thh papcr, andthcengine torque ?. is consro-
ered as the controller input in(ead in this dcsign. Thefctbre.
,he conrrc l  i ,  put  fur  nn \CC \ehictc r .  Fiv(n b) |  .e en! nc
roryue I  lur  rhro lc.  lnd rhe br.ke peJat . . . i r iur  .  ro l
filiiiTr ir p,pcr.

ln facl, cquarion (r) is composed oft$o nodcls (rhrd_
tle and bfake), since lhe thrcltle and brake acruatoA cannor
be lctivaled simulta.eously. Two bina.) irreger variables,
(r and (r. a.e introduced, which rcfe. ro rhc stares of rhe
throttle and brake actuato.s. rcspecii!ely. Then rhc vehicte
mo.lelcaD be rewrinen.

-o=ft ' r l - ] .q, ,  
i . , , , -*

)t^"'t'P" ''g':"a'

Ic, . {o, r}.
s.t .  

1( j r€{0,r}
[ ( r1( ,<l

(3)

(4)

wherc rhe binary inreger '0 refcrs ro (he disabled slate, and
'I refers to rhe enlbled srarc. The consrrainr (r + (, < I
represcnts thar rhe thro c and bnke cannol be enablcd at

Fo. ACC system. rhc state lecror r is dcnned ro consisl
oflhe inLcrdisrancc ./, relatile vetocity +. and velocjry of
Acc lehiclc r: c 4 [d ., !]r, shere the relarivc verocny
refers to the ditlEEiad-6€?free-n the velocity of thc preced_

xrglehicle ,,r and rhat of ACC vehicte f.

ln this prper. the accclemrioD of tbe preccding vehiclc r!
i .  nu. lc l .d d\  rhc o, . ru,oJnc. 

"  
dnJ rhc ro. ,J {r"ac i .  ,  on-

sid.rcd as zcro fo. a nominal casc. rhe. rhc disc.erc saLc
spacc cqualions tbr rhe ACC sysremcanbe derivcd.

' (r  + r) :  z(i .) + Br(r ( i :)21(r)
+ .B,(;(r)zr(t) + cu(t) + rr. (5)

", {:lll:l::li:
[  (,  ( i)  + (,( i)  < I,

(6)

.( l) 1 ."(*). .,111 4 4G;, r!(/ i) g r(rr,
f ?,(i, + 4r,(r, + 0.5.14a?(t) I

I
L .r(rJ .17:d(r) l

Iur , r , l  fu" , ( lB): l  " , r .  1, ,B,=l . . r i  l ,
|  , '7r . l  L "elt^ . -21 T -  - r rl ' ' " ' .1" ' , , .1

" : l  
. .  I  I '= l  . ,4 l .

|  0 I  L , , r .  l
wherc I reprcsenrs rhc sampting p.riod oi discrete ACC
sysleni, !t (l) and r,(l ) refcrs ro rhe r$o conr.ot inputs of
th.oltle aid bmLe acruarors, respccri\e1). and the pdranre,
lcs. , r .  c! . , r3.  i  1 l fc def ined as fot lo$s:

, . ' i_: , ._f  l "  '  , ' ! . . ,=^ 
.nlh -  nt l t  \ , r

3 Controller design
Inthisscction. thcoptindl swirching bct$.een r1x.o eand

b.akc is considcrcd in rhc procedurc of ACC dcsigr. Thc ob
j@tives of mininizing the switchi.g bctween thronrc anu
brakc,logethcr wilh thc requirencnts of safc car foltosing
and vehicle capltbilities are modeled as the conrrct objec-
tives and constraints in MPC fiamcwo.k. and ften fte con
lrollerdesign h hnsformed to be an onliDe consrmired op-
timal conlrol problem.

ID vchicle following control, thc ACC lehicle regulatcs
{he vehicle speed lowdd rhe spccd of rhe preceding vchicle.
an.l kecps the inteFdislancc to rhc dcsired vrlue

oL,.- , r . .  { i ' , '  ' , ,  \ .  ! l
l r  1/r  0

wirh d(t)  = . / (^) dd""(r) ,  dd*(t)  :  4,  +4,(D.
shere li rclers 1o thc spacins c[o. hetween the adu.l inrer
d'slauce and thc desned value. dd., refers rothe de\ired Io1_
lu{ ine di . , . ' r \c dnd c.nncnr r ine hcadwJ} |Ut.)  0l  r \
urrrr /cd her(.  d rn'erenr.  r ' re l \  drnrt( .  J"d , ,  rep c.  nt ,
thc de(ired r ime herdwr)

During rhe car fbllowing proccss, the inrcf distancc be_
tween thc ACC vehicle and ils prcceding one shoutd be
largcr than anrinimum valuc d,,t, ro avoid collisions.

Consi.aints: d(l) > 4,,,,. (8)
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Moreover. the absolutevalue of acceleration is rninirnired
ll1l to provide coDrfonable d.iling to passengen-

Objmtivcs : nin .(*) (e)
Considcdng thc vchiclc capabililies, the velociO,. accel

eration, conhl commands ofthc lhfottlc and brakc should

4l
c.: l0r  0 l ,z,=l  0

Lor . ! ""r3i  I  I  , r+,r" ,
*dcrc J,  -  rp?.enr\ ,he \ i lue nfrhe .r . rc \dJbl
thc sampliDg instant /,-

":l i i
": | "..1...,

I
l .

i l

beconsrffi---
uonstraiDts : f,,,r! < r(r) < r,,,*,
C(',stfan,ts: a,,,i,, < o(l) < o",^.,

( l0)
( l t )

h the MPC framesork, tbe !€rformance c.ite.ion of
ACC is obLaincd by synthesizing rhe conrol objectives inlo
thc lbllowing quad.atic tbnD:

xi
r :  t t ( iD( l+,  e.*( / i+t))rQ(rp( i :+ i )

{,! r

s,. r (a r  t ) ) l  I  I  r , (A+t)rn,z,(r+?)

+ ) ,  u,$+t) 'u lu^r+1)

+ t (1(7".+ trs,c(l .r 4

+ X (,(r + r)rs,(,(ri+ t. (18)

whcrc -Np and r\;, refer 1o thc predictive horizon and con
rol horizon respectively. ip rEfers 1() the prediclive perfor
maDcc vcclorj g'ler represents the reference trajectory ibf thc
p€.fomance vector,I refers 1o the wejgbting malrix for the
perfonnance vector. Br. R2. 5r and 5, are the weighting
cocfficicnts rcgddiDg the contrcl command and thc switch-

Thc conslrainls of ACC represented by equalions (6), (8).
(10)-(13) arc intcsratcd in thc lollowing fomr:

L41 sE.xl , { l+r  a fL l !  f ,o
|  + D,. ,  l  ) l i , l  + -F.  

. -  | { .(  ( ts)
1,," , . " ,  \ .u \ . . ._.
[  (,(t) € {0. I  }.  (,(^) E {0, r },  (1(}) + (,(r) < r.

Constraints : r r .mn < rr( , t )  < r , . , , , - .  (12)

Constrairts : ,, ,,,,,, < ,,(r) < ,, 
",,.". 

(13)

Atter satisfying the above requi.ements and lehicle abil'
itics of ACC. wc miDimizc ihc switchiDg tines b.lwcen
th.o e and brake in rhe control p.oces!. in order ro aloid
frcquenl switching. inprovc driving contbt lnd iuct ccon
omy. This requires rhal the slate valDe ofthe rhrotde or brake
should fcmain as connanl as possible. wbich yields:

(  
- ,  .

u e' ' ' - .  { ' " . '  : ' l '  :1 ( ' ! l'  
I  min ( : (A. f  1)  (  ( / . ) .

Thcfctorc, lhc conlrol objectives of ACC have been nrod
eled respedilel): and then wedefine the periomance vector

r as rorows: y(r) g 
[ i( ]) r,(r) o(r)1.

Irs relationrhit wilh the slale lectorr can be derived.

e(r)  :  a(, j ( / ,  ))  + , , ( j  (a)2, (a)
+D,e,(k)x,(k:) + z. (r5)

f  n l  f  n l
l

D,: I  0 l .  z:  o | .
I
L-aI  |  ' i11

The basic of the MPC principle js thar rhe control la\
is obtained by sohing a constrained linite horizon optimal
control p.oblem overapredictive horizon. lt hrs advantaees
in hdndling const.aints. multiplc contrcl objeclives, Drodel
mismatch and etc. []21.

Itcanbc sccD thll thc prcdiciion model, equalions (5ts(6)
and (15) are nonlinear. For convcnicncc, wc linclrizc th.
nonl : rctu cor lponerr .  around,\e curenr o!€,cr ing poin '
t r i r '  i r .  tan!<nr dr ed.h.amplns Inran( i l l .  lhF srvc\
the lbllowinE linear Dredicdon nodelr

' (r i  
+ 1) :,4.(u ( l))x(r) + Br(1(rJrrr(r,

+s:(z(,{ lu:(a)+cr,(})+I '  (a(a)). (r6)
e(r ') :  c.(u (a)) + D](1(r)rr(r)

+ Dzi '(L)u' lk) + zJa(k)), (r?)

,,'r,: [''-'.1,1i"''] .: [l]

fr r. ,.,u-'," ^ I:  
l0 

1 2.14'1r 
|  .

L0 I  I  2(r lsr3r l

10.5".?: o.r.lelj i l
: I car, .\r,r3l I

I c:ll' + crrirr i l

o I [4,-lI  l ,  M: , , " '  l ,
2q4 t ) t"-- l

' :  
[ ,* . . ]

whcrc lnf repfesenrs a real posilile inlinile value, indicaling
that the inter-diskncc has no uppcf bound.

Thcn the control command ,r(i) and a,(iJ are sohed
b) nini  i i / ine lhe qur.u.  

'  18'  rcnrcre. l  b)  caudr ion
(19). lt can be transforned lo be an online nixed integer
quadralic progmmD ns (MIQP). which includes both thc
conl i ruous var iables rr l l ) .  r r ( r+ r) , . . . .  ar  (*+xi ,  1) ,
r : r ( , : ) .  r , ( l  + 1), . . . ,  r , ( i  +, \ , , - l  )  and rhe binary inte-
ger var iables (r(A).  ( r ( l  + 1),  . . .  ( r  (1 1 nr, , ,  1) ,  ( i ( l ) ,
( ,  ( t  + 1), . . . , ( , ( r+^;  1) .

In order to solvc MIQP, a two loop ncstcd ncthod t1,11
is developed. In fte outer loop. we use particle swlnn op
limizadon (PSO) melhod tl5 161 fo. the integer optiniza-
rion. Given the intcgcr vdiables by the outer lmp, it is re
fered !o as a quadraric prosran (QP) in thc inner loop,

H,
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which can bc solvcd by ihe nralhematical pogmmming
solver [l7]. Then Ihe inner solulion is rctumcd ro thc outcr
ioop to generate a new sohtion Iof the nexl iteralion. This
proccdur continlcs unril rhc tcnniDation cfitcrioD is sltis
fied. Thenested sollnrg elhod deconrposes r he MIQP inro
a. inlcg.r oplinizalioD lnd i QP problcm, thus simpliti.s
the original problen, ir regard to both the conplexity aid

By soh'ingthe onlileMIQPat each sampln'g innrnl, rhe
conrol sequences regarding the throttlc and brakc arc ob

\ ruJrnr , \  . r  r^dred . f l r  on )  Ine
lifst command is applicd tothc ACC system.

4 Simulation and discussion
Thc objcctilc of lhis scction is to elaluale the pedb.

tnance of the proposed ACC algoriftnr. Five representati!e
rraffi c sccnarios irc simulatcd. which iNludcs lbllowing thc
|  ( ( ( . l i r r  \<hi ! l (  u i rh \ r )  in!  spcc. l .  Jp!ru, . .h in! .  (ur  I r .
cut out ard hard stop. as Fig. I represents. For each lrai-
fic sceDario. the proposcd optiDll switchingACC algofithn
(ACC oplimall and lhe faditionll algorilhm wirh lhrcshold
swit hirg critcrion (ACC lbrDref) afe simul.led. and the

corrcsponding responses are analyzed and compdcd. Tbc
switchiDg rirDcs bctwccn rhrotllc and brakc,ire lscd toe!dl-
uale the \$itchiig perfonnance, as Table I rcpresenls. The
mcan ldLrcs oflbsolutc rccclcMlion lnd jcrk are collecled
and rega cd as rhc comlirr mcr cs llll. The conprehen-
sivc nrodal eDisions lrodcl (CMEM) Ilill dclclopcd !l rhc
Ut'iversit) or Calilomia (UCl. Riverside. is used 1o calcu
ldte ftc fucl consuDrption. Thc cornparisoD resulr\ ol tso
algorith s areretresenLed in Table 2.

l - l  lHl : l  I  l r lHl  l r l - l
lBl l'11 r lnlnl,lHl lilEl
i : , i  lr,, ' lr l l1"l; lHltl l  I ' ,  1
lcl I l6l lel l16l"l |al

(a) follo{in-e (b)  pprulciing (.1Culin (dl Cutout (er lldldnop

Fig.  I  f  \erep..cn.Jr . \ ( r . lhc.cerJr4. .nA.(-

Trblc I Switching timcs bctwccn throtllc and brake oftwo algorithDN.

S{itchnre limes Scenlrio I Scenario 2 Scenrrio I Scenario,l Scen.no 5

ACC iomer 4 2 2 2 I
ACC oflinral 2 0 0 0 I

Table 2 Improleme ts regarding conlort metrics lnd iucl consunption b)
comparing Acc{plinal lo ACC fodner.

ScenMo 1 Scendo 2 Scenariol Sc.nafio.l S..nafio5

22.18
23.86
21.8: l
5.76

15.25
25.11
2..12

26.59 1059

8.15

An encounter oaflic condition is corsidered feasible if
thc ACC y.hicle crn change from irs cuunt velocit) ro
that of the preleding lehicle, and Drcanwhilc aloid a col
lision. h casc an irfeasible slare is encou ered. ACC !e-
hicle i! unable to prevcDt ! collisioD. and then driveK lnust
intcncnc and pcdbfm the effecti\€ naieuver. As we are
coDcerned with the performrnce ofthe proposed ACC llgo
r i r \  n rLre i r iU" .ur( .  ar< BUrJnrccd lc.Frbh ql

Thc pafamctcrs tbr ACC system are as follo$s t9ll

J4 :3.77. i  :  0. i l lEm r,  -  1620k!, .

7 i ,  
- " . :4093Nrt .  

Aai , .  :0 285. p:1.23N/rn '

l -n = 0.01;.  ,4 -  2.2n' . .  e:9.8\ /m'z.
T":0.2s,  r r , : rs.  r=0.5s,  do:7D,
dmin :  5m ! , , , j , ,  :0m/s,  . , .*  -  10r, /s,
u r , i i , ,  :  0Nx,,  , r  

-""  
:  0.36k. l . "n i ,  r2.n, i , ,  :  0.

r , , ! ,d:  1,  ,n, i , r :  5.5n,/s ' ,  a, , , "^:2.5mls ' .

Scenrrio I fbllowing the preceding vehicle with vary

h lhis sceiario, the Acc-equipped vebicle i\ following
the prcccding vcliclc with vaD,ing spccd. fie. 2 rcprcscDts
lhc rstonses of ACC {ptinal and ACC fome. It can be
seen lhal bolh rhc two algorilhms rcgulatc lbc spccd and
inler disrance to adapl the variation of pre.eding vehicle.
Satell is gulraDtccd (collision is a\oidcd). aDd car tbllow
jne bchavior is sarisned in two algorithms. Accordirg to
FiC. 2 (d), ACC fomrer acliva(es thro(le actuaror at fi.!r,
rnd perlbnns a hrSc cnginc input to tbllowin8 thc prcccd
ing vchicle. The. ACC fomer switches 10 the brake ac-
ruator to adapL thc dccrcashg bchavior of prEccdnrg lchi
clc. Ar t - 6s, the preceding vehicle begins to accelerare,
which causes that the acturloris switched to rhc rhroflle ac-
tuator agair. Due to tbe rapid decreasing of inle.distarce
(Fig. 2 (a)). Acc-lonner swibhes to rhe brake acruaror dt
t = t2.2s to prcvcnt collision. With tbc lieqtrent speed
change ofpreceding vehicle. it has been swilched berween
throfilc dDd bmkc actuators tbu.times in this scenario (Ta
b. r) .  w\ i  e rhe pruposed opr inral  ACC alpulrhn) opr.
nizcs thc switching prcp€rties. behaves vnoother ii veloc-
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't) 
and acceleration responscs (Fiss. 2 (b)-2 (c)). and rhis

is beneilcial ro scrvic. liles or vehiclc mcchanical compo-
ncnK. CoDrpared to ACC fome., the switchinS uxrcs rn
ACC oprimal bctweer throrde and bmke is decreased to
b. L More.\-r  J, i Inf  -urr lod rrd l r ( l * (unur)  . r  im.
pfoved i. Acc-optinul, siDce the nlcan values ofabsolure
accelerarior and jerk (conlort mctrics) ar decreascd by
6.27q and 22.18% rcs!€ctiycly. and rhe fucl con$rnrption
is reduced b) E 027. (Table 21.

Scen.rio2 Approachins.
In this rcenario. thc Acc-quippcd v.hicle approaches a

prcccdnrg rehicle fronr d ldSc inteFdisLaicc. ThcNsponses
of ACC nlrimal nnd ACC fomer c rcpreseiled in Fig.
I Accordn'g to }.ig. 3. ACC fomre. iNplcmenrs a large
engiie 

'npur 
jnniall). a.d nainrains ir for \econds to ap

proach dr. pre.eding \chiclc quickl). The cor.sponding
\ebc'r\ achi.r.s ro .eady 22 nr/s. Due ro rhe targcr vc
l61t\. Ihe iireFdinancc is derealcd in a shon rime, and
.olh\ion! nral occur il il continues acceleratins. So ACC
tom.. \sirch.s ro rhe brake acruator swift]y. nnd rlkcs a
\udd.n brlke At i : ; s. the preceding y.hicle begins 10
3..eler!re. ACC fonner ha\ lo swilch ro the rhrollc ac
ru3ror ag3in lo adlpr this speed vanrtion. Il can be secn
(hll rhe ssitching betseen thfotrlc and brake is Dor con
rd.r.d a.d ottinizcd in ACC fomcr so ACC fomer ac-
.elerat.s inrcnsely at first and brakes suddenly aftcNards,
$hich causes lrcquenl swilching (Table l). Howevef. ACC
oprimal behaves smoorhcrand avoids the switchingbelseen
rhrotLle and brake. In the beginninS of the approaching prc
c.r. Acc-optimal pd1brnN snoorh acceleratioi. and dc
$eases ftc throtrle input (releascs the throttlepedat) gradtr
alll The !€locity achicv.s ro about 19 nts. Thercfore. it is
nol ncccssaryto swilch to thc bfake acrualorwhcnthe r.ter
disrance is reeulatcd to the small valuc. Withour switchine
betwccn throtlle and b.akc. ACC optimal improves drl\-
ing contblt signincantly, bccause the comfod Dretrics. rhe
mean absolute valucs of accele.arion and jerk are reduc.d
bf 23.86',n and 21.837. thanftc ibrmalalgo.ithn (T.ble 2).
Moreover. the fucl consumplion is saved by 5.767. in ACC
optnnal shich indicates ftalluel efficiency is increased.

Scenario 3 Cut in.
In this scenario,lhe ACC cquipped vehiclc is running ii

lhc steady sratc wilh acooslanlspccd initial\,, and a vchiclc
Iiom anolher lane pcdorms cDt ii ar l:5 s. Fig.4reptsenrs
the responscs ofACC fomrer and ACC r)primal. tr caD be
xecn th.t both the lso alsorithnN peflom similar velociry
profiles in this situation. sirlcc ro ma(er what kind ofACC
algorjthm is adopred, thc cont.ol objecrives tue {o avoid col
lisions when cur nr occurs, and mcaDwhile regulalc vctocity
and spacing to ldrpt the vadalion of the lreceding vchi
cle. Howclcr, there is a maiD difference in rhe conrrol pro
file belween lwo al8orithms. Ar rhc initial rnoment of cnr
in. thc inte.-di(ancc is deoeased iNranraneously. ACC
tom)er actjvatcs the brake lcrultor When ftc accclerating
behlvior of ihe preccding rehicle is .cllized, ACC-foDrcl
swilches to the throttle lcrurtor prontprly. While ACC-
optimal balances thc successi!e actions of braking and ac

celeratug cftnclivelt. and opLinizcs thc switching behav-
ioi Only thc throtrlc actuaror is aclivared in thc whole driv,
ing pr@css, and the switchiDs is avoided. According to Tr
ble 2. ACC optnnal provide\ smallcf lccclcmtion and jerl.
and dedeales fucl corsumpiion, which will incrcase hn

an drivcN satisfxclio.. Though th. responses of lwo al
gorirhDx are a liluc similaf ir this scenario, lhc prcposcd
AaC n.{  . , ] "^r i r l  A r i . t  bL mor rceprrh e . i rc(  i r  , in
dccfcase the s$itching tirn.s, improve dliving comtbrl and

Scenario 4 Cut out.
Tn this scenario. the Acc{.tuipp€d vehicle follows lhc

pNccdinglehiclc with aconslanr speed initillly. Att: 5 s.
the preccdirg vehicle pcrfomN a cul out suddenly. which
catrses the ACC cquipped vehicle follows a ncw preceding
vehiclc in the same lanc. Thc corresponding responscs lrc
feprcsenled in Fi8. 5. Ir can be seen ftlt thc iDitial (eady
starc is irilefupted lnd the interdi!(ance is incrcased in
stanraneously due ro rhe cut out. lD order to gel close lo
the new p.eceding vchicleas soon aspossiblc.ACC ibmer
u( l i \dr( \  rh"ol le arrudrur ald Dcrtnrn.  a la?( en8,T rn
pul. The corcsponding velocily incf.ases f.om 15 nr/s ro
21.66 mA in three seconds. With the rapid decrcasine of
inte.dislanc!. ACC fomer swirchcs to rhc brake acLuaror
soon afierwards, in ofder to avoid possiblc collisrons. Ac,
cording ro Table I, jl has bccn switched bellre€n rhroLrlc
and bmke rwicc in rhis scena.io. Howcvcf, ACC {primal
pcrlomrs snooth acccleration in the wholc prcces. The
s$itch,ng pcdonnance is fullyconsidered in Acc-oprimal.
and lh. frequent switching betir een rhrollc and brake is pre-
renred. Codpared to ACIC ibnner. driling conforl is inr
pro\cd in ACC{ptinral. sin.e rhe maenirudcs of accelera-
tion andjc* (co fod nrctrict is decreased b) 26.59.1 and
21.48%. respcctilely. Iloreovcr Acc{ptimal re.iuces rhc
liclcon$mption by 11.47% than Acc-fomrcr (Table 2).

Sccnario 5 Ha.d stop.
This lratiic scenaio dcpicts the situarion wherc th. pre

ceding lchicle rakes a hlrd stop. and rhe corespondiDg rE
sponscs ofrwo ACC algorithms a.e shownin Fig.6.In rhis
scenario. botb tbe rwo algorithms swirch to rhe brakc acru
atof tiom the thrcttlc actuator. and takc a lafge b.ake inpur
to prelent collisions (Fig. 6 (d)). It can be seen rhat thc su
p."  r  

' \  ^ i  ACC no' i  n. ' l  in .q i rLnrnS performJnJ< |  nol
obyious (Table l). This is bccause safery is rcgddcd as the
lop p.iority of ACC algoithms. and ACC €quippcd vchi
clc should take suitlblc brake acrions whcn thc preceding
rehicle pertoms hard sto!, no D!fter what kind of ACC
llgorilhnr is adoplcd. Therefore. the switchnrS berween dii-
ferent actultors couldnorbc prcvented in this scendio. De
spjtc of this, the proposed oprimal switchiDe ACC atgo-
rithnrs bchaves betbr pedbmance in diling comforr and
fuel economy than ACC-Iorncr as Table 2 represenrs.

Above all, the simulation results show that {he proposed
ACC algorilhm gua.anrees safc car fbllownrg. ourlcfbms
thc l.adirioial alSorithms by avoiding rhe fequent switch

'ng 
betwccn rhrotlle and bnke, and nreanwhilc ;,croases

dfiling comlod and fuel eiiciency signincantly.
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5 Conclusion
In rhis paper. an ACC algoriftm with thc optimalswirch

ing between throulc and bMke was proposed in MPC frame
work. Since the rhrotlleand blake clnnor bc rcrivrrcd simul
laDcousll. th. integer variables are inroduced ro integrale
ften' dyranrics in one modcl. Thcn th. conlfol objectives
and rcquircmcnls of ACC are niodeled .e\pecti!ely. and the
con troller design is lrannorDcd 1o bc an orline constraoed
optimal control problem. B! snnulatiig rhe represenBtive
traffic scenarios, it wat pro\ed thlt thc proposcd ACC al
gorithm can effectirely ottini/e the successive lccclcmt
ing and braking bchayiof, rnd aloids frequenl swilch ing be-
tween throltle and brakr actultors. Comparcd to thc tmdi
tional ACC algorithms,lhe proposed one notonly meel\ the
safe car following. but aho bch{!cs moothcr pcrtbrmances.
decrea\es thc swilchinS rirncs. nnproves driving comfon,
and cnhances the fuel econont rignincantly. Thcrcforc. thc
proposed ACC algorirhnr willbe more acceptable to hunan
dri\€6 and lead to it! increaled usagc iD applicatioD.
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