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Abstract— Homogeneous Charge Compression Ignition
(HCCI) representsa promising combustion strategy for futur e
engines.However, HCCI lacks an easily identi�ed combustion
trigger and, when achieved via variable valve actuation (VVA),
includes cycle-to-cyclecoupling thr ough the exhaustgas.This
makescontrolling the processdecidedlynon-tri vial. To address
these issues,the development of a closed-loopcontroller for
HCCI combustion phasing and peak pressure is outlined.
Thr ougha seriesof simpli�cations, the essentialphysicsbehind
the combustion processis captured in a low-order dynamic
model. This model proves amenable to a simple control
structur e based on dynamic feedback linearization. Results
fr om both simulation and experiment show that cycle-to-cycle
control of VVA-induced HCCI can be achieved using this
physics-basedapproach.

I . INTRODUCTION

Homogeneouschargecompressionignition (HCCI) holds
great promise as a meansto reduceN Ox emissionsin
internal combustion engines.HCCI is achieved by uni-
formly auto-ignitinga homogeneouscharge throughcom-
pressionalone.This processleadsto a low post-combustion
temperature,which signi�cantly reducesN Ox emissions.
Thereare several methodsusedto initiate HCCI, suchas
heatingor pre-compressingtheintake air ([1], [2]), trapping
exhaustgasesfrom thepreviouscycleby closingtheexhaust
valve early [3], modulatingintake andexhaust�o ws using
variable valve actuation(VVA) to re-induct exhaust from
the previous cycle ([4], [3]) or somecombinationof these
([5], [6]).

Oneof themainchallengesin HCCI enginesis achieving
the desiredcombustion phasingand work output, during
both steady state and transient operation.HCCI has no
speci�c event that initiates combustion, like spark in SI
enginesor fuel injection in diesel engines.In addition,
for residual-affected HCCI, cycle-to-cycle coupling exists
throughtheexhaustgastemperature.To addressthe lack of
a direct combustion initiator and cycle-to-cycle dynamics,
it is generally acceptedthat closed-loopcontrol will be
necessary.

Several approachesto closed-loopcontrol of HCCI en-
gines have been demonstrated([5], [7], [1], [8]). Agrell
et. al. [5] usedvalve timings to effectively alter the com-
pressionratio and control phasing.Haraldssonet. al. [7]

modulatedthe fuel amount to vary IMEP while altering
the mixture ratio of two fuels to control phasing.Olsson
et. al [1] took a similar approachbut used compression
ratio insteadof fuel mixture to shift phasing.While all
of theseauthorsusedtunedPID controllers,Shaver et. al.
demonstratedthat HCCI controllerscould also be synthe-
sized using physics-basedmodels[8]. The techniquewas
demonstratedfor propanecombustion using variablevalve
actuationto modulate in-cylinder pressurewhile holding
combustionphasingconstant.This paperexpandsuponthat
result to develop a physics-basedapproachto combined
work andphasingcontrol.

The ability to phaseHCCI and control work output of
the systemstudiedis a direct consequenceof beingableto
vary thevalve timingswith theVVA system.Theapproach
in this paperis to leave the exhaustvalve opening(EVO)
time �x ed and modulatethe exhaustvalve closing (EVC),
intake valve opening(IVO) andintake valve closing(IVC)
times to control the mass�o ws. IVC dictatesthe effective
compressionratio by determiningthe startof compression.
By modulatingIVO andEVC for a givenIVC, theamounts
of inductedreactantandre-inductedproductcanbe set for
any given enginecycle. The three valve timings together
thereforeallow independentcontrol of both the ratio of
re-inductedproducts to fresh reactantsand the effective
compressionratio.By in�uencing theeffective compression
ratio, IVC determineswhen the reactantand re-inducted
product gasesbegin to be compressed.This, in turn, in-
�uences combustion timing throughthe chemicalkinetics.
While the exact kinetics are quite complex, a simpli�ed
Arrheniusrateexpressioncapturesexperimentaldataquite
well ([9], [10]) andoffersaverysimpleunderstandingof the
process.In short,giventwo mixtureswith identicalratiosof
re-inductedproductsandreactantsat thesametemperature,
early IVC leadsto a higherlevel of compressionandearlier
phasingof combustion. In this way, both desiredphasing
andload canbe controlledsimultaneouslyby varying IVO,
EVC andIVC.

The �rst stepin model-basedcontrol is the development
of a mathematicalsystemdescriptionwhich capturesthe
relevant physics. A physics-basedcontrol-orientedsystem
modelfor peakpressureandcombustionphasingis formu-



latedin this paperto addressthis need.Sincethemolarratio
of re-inductedproductsto freshreactantscanbe controlled
through somecombinationof IVO and EVC for a given
IVC, this ratio is chosenasoneof the inputsto the model.
Additionally, since the effective compressionratio can be
controlled with IVC, the IVC timing is chosenas the
secondcontrol input. A mathematicalrelation for the peak
pressureis formulatedby discretizingthevariousprocesses
which occurduring a HCCI combustionenginecycle, then
linking them together. Combustion phasingis modeledby
making some simpli�cations to the integrated Arrhenius
model presentedin previous work ([9], [10]). With the
control-orientedmodel for peak pressureand combustion
phasing,feedbacklinearizationis thenusedto synthesizea
nonlinearcontroller.

In order to implementthe control strategy in simulation
and experiment,a map from the desiredin-cylinder ratio
of freshreactantchargeandre-inductedproductsat a given
IVC valve timing to therequiredIVO andEVC valve timing
is realized through simulation of the induction process.
Implementedon a moredetailed10-statemodel,thecontrol
law is ableto successfullycontrolbothcombustionphasing
and peak pressureon a cycle-to-cycle basis,thereforein-
directly controlling work output. The control approachis
further supportedby experimentsillustrating the simpler
caseof trackingdesiredpeakpressureat constantphasing.
The results of both simulation and experiment are very
promising, demonstratingthe effectivenessof a physics-
basedcycle-to-cycle approachto HCCI control.

I I . MODELING APPROACH

The framework for modeling HCCI combustion in a
simpleway involvespartitioning the enginecycle into � ve
stages,as shown in Figure 1: mixing of reactantand re-
inducted product gasesduring a constantpressure,adia-
batic inductionprocess;isentropiccompressionto thepoint
where combustion initiates; constantvolume combustion
with heat transferto major products;isentropicexpansion
to the point wherethe exhaustvalve opensand isentropic
expansionthroughtheexhaustvalve. There-inductedprod-
uct temperatureis directly relatedto theexhausttemperature
from thepreviouscycle.The�rst modelinput,denoted� , is
theratioof themolesof re-inductedproductNp to themoles
of inductedreactantcharge N r , so that: � � Np=N r . The
secondmodelinput is the IVC valve timing, which dictates
the volume, V1, betweenthe induction and compression
stages.Model outputsare the peak pressure,P3, and the
volume at the constant volume combustion event, V23,
which actsas a proxy for combustion phasing.By linking
the thermodynamicstatesof the systemtogether, a model
of peakpressure,P3, andphasing,V23, for residual-affected
HCCI is formulated.Note thatat pointsbetweenstages,the
cylindervolume(seeFigure1) is eitherknown or is amodel
output(asis thecasefor V23). In following development,the
modeling techniquesare applied to propane-fueledHCCI.

The considerationof other fuels can be madeby making
appropriatechangesto the fuel-speci�c modelconstants.
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Fig. 1. Generalview of partitionedHCCI cycle

A. InstantaneousMixing of Species

Using � as the metric for inducted gas composition,
the mixing of the reactantand re-inductedproductspecies
during the induction processfor lean or stoichiometric
propaneHCCI canbe representedas:

� (3�C O2 + 4�H 2O + 18:8N2 + 5(1 � � )O2)
+ (�C 3H8 + 5O2 + 18:8N2) !

�C 3H8 + 5((� (1 � � ) + 1)O2 + 18:8(1 + � )N2+
3� �C O2 + 4� �H 2O

(1)

where � is the equivalenceratio, which is a measureof
the relative amountsof fuel, C3H8, andoxidizer, air, in the
reactantchargeinductedthroughtheintake.The�rst law of
thermodynamicsappliedto an assumedadiabatic,constant
pressureinductionprocessis:

_mpr odh1;pr od + _mr ct h1;r ct =
d(mh)

dt
(2)

The reactantmass �o w rate through the intake and re-
inductedproduct mass�o w rate through the exhaustare
_mr ct and _mpr od, with correspondingenthalpiesin theintake

and exhaust manifolds of h1;r ct and h1;pr od . When this
equationis integratedfrom the beginning to the endof the
inductionprocesswith theassumptionthatmanifoldcondi-
tions do not vary during induction,the resultingexpression
for the kth enginecycle is:
X

1
pr ods:

N i;k
�hi (T1pr od;k ) +

X

1
r eact:

N i;k
�hi (T1r ct;k )=

X

1

N i;k
�hi (T1;k )

(3)
whereN i;k is the numberof molesof speciesi , �hi is the
molarenthalpy of speciesi , T1pr od;k is there-inductedprod-
uct temperature,T1r ct;k is theinductedreactanttemperature
and T1;k is the temperatureof the reactantsand products
after full mixing. Assuming that the molar enthalpy of
speciesi canbeapproximatedusinga speci�c heat,�cp;i that
is constantwith temperature,then�hi (T) = � f

�hi + �cp;i (T �
Tr ef ) where� f

�hi is themolarheatof formationof species
i , and Tr ef is the referencetemperaturecorrespondingto



the heat of formation. Equation3, applied to Equation1
yieldsafterrearrangementthefollowing in-cylinder mixture
temperatureat IVC:

T1;k =
c1Tinl et + c2� k T1pr od;k

c1 + c2� k
(4)

where

c1= � �cp;C 3 H 8 + 5�cp;O 2 + 18:8�cp;N 2 (5)

c2= 3� �cp;C O2 + 4� �cp;H 2 O + 18:8�cp;N 2 + 5(1 � � )�cp;O 2(6)

The reinductedproductspeciesareassumedto have a tem-
perature,T1pr od;k , that is directly relatedto the temperature
of the exhaustedproductsfrom the last cycle, T5;k � 1, as:

T1pr od;k = �T 5;k � 1 (7)

This simple relation is meant to representheat transfer.
More complex models of exhaust manifold heat transfer
could be used.This expression,however, matchesexperi-
mentalobservationsreasonablywell (see[8]) while keeping
the relation as simple as possible.SubstitutingEquation7
into Equation4, leadsto:

T1;k =
c1Tinl et + c2�� k T5;k � 1

c1 + c2� k
(8)

B. Isentropic Compressionto Pre-CombustionState

With the assumptionthat the compressionstageoccurs
isentropically, the thermodynamicstateof the systemprior
to andfollowing thestagemayberelatedwith thefollowing
well known relationsfor an ideal gas:

T2;k =
�

V1;k

V23;k

� 
 � 1

T1;k P2(k) =
�

V1;k

V23;k

� 


Patm (9)

where
 is the speci�c heatratio.

C. ConstantVolumeCombustion

In order to model HCCI combustion in a very simple
way, it is assumedthat thecombustionreactionphase,from
reactantsto products, occurs instantaneouslyuniformly
throughout the combustion chamber. The instantaneous
combustion assumptionis justi�ed by the fact that HCCI
combustion is typically very fast. It is also assumedthat
all in-cylinder wall/piston heat transferoccursduring the
combustion event. The phasingof the combustion event is
modeledin SectionIV. It is furtherassumedthatonly major
productsresult from the combustion event, such that the
combustion reactioncanbe written as:

�C 3H8 + 5(� k (1 � � ) + 1)O2 + 18:8(1 + � k )N2

+3 �� k CO2 + 4� k �H 2O !
(1 + � k )(3�C O2 + 4�H 2O + 18:8N2 + 5(1 � � )O2) (10)

For a constantvolumecombustionprocess,thetotal internal
energy beforeandafter combustioncanbe relatedas:

U2;k = U3;k + Qk = U3;k + LH VC3 H 8 NC3 H 8 ;k � (11)

where the total amount of wall/piston heat transfer, Qk ,
has been modeled as a certain percentage,� , of the

chemical energy available from the combustion reaction,
LH VC3 H 8 NC3 H 8 ;k . Here LH VC3 H 8 is referred to as
the lower heating value for propane,and is de�ned as
LH VC3 H 8 = 3� f

�hC O2 + 4� f
�hH 2 O � � f

�hC3 H 8 . Equation
11 can thenbe expandedto:

P
2 N i;k

�hi (T2;k ) � Ru T2;k
P

2 N i;k =
P

3 N i;k
�hi (T3;k ) � Ru T3;k

P
3 N i;k + LH VC3 H 8 NC3 H 8 ;k �

(12)
Applying the constantspeci�c heatassumptionto the ex-
pandedform of thepost-combustioninternalenergy expres-
sion, Equation12, gives:

T3;k =
c3 + (c1 + c2� k )T2;k

c2(1 + � k )
(13)

where:

c3 = (1 � � )( �LH VC3 H 8 + (c2 � c1)Tr ef ) (14)

Thenumberof molesin thecylinder following combustion,
N3, canbe relatedto N2 by inspectionof Equation10 by:

N3;k =
�

1 + � k

f + � k

�
N2;k (15)

where f = 24:8=25:8. The in-cylinder pressurefollowing
the constantvolumecombustionstage,P3;k , canbe related
to the temperatureat that point, T3;k , by invoking the ideal
gas assumptionat states2 and3, andcombiningEquation
15 with Equation9 to arrive at:

P3;k =
1 + � k

f + � k

�
V1;k

V23;k

� 
 c1 + c2� k

c2(1 + � k )T3;k � c3
Patm T3;k

(16)

D. Isentropic Expansionand Exhaust

The fourth stageof HCCI is approximatedas isentropic
volumetric expansionfollowing the constantvolume com-
bustion stage.The exhaust stage is also assumedto be
isentropic,with the additionalassumptionthat the pressure
in the exhaustmanifold is atmospheric.This resultsin the
relations:

T4;k =
�

V23;k

V4

� 
 � 1

T3;k ; P4;k =
�

V23;k

V4

� 

P3;k (17)

T5;k =
�

Patm

P4;k

� 
 � 1



T4;k (18)

I I I . PEAK PRESSURE EQUATION

By linking the distinct processeswhich occur during
HCCI combustion- combiningEquations8, 9, 13, and16-
18 with the approximationthat (1 + � k )=(f + � k ) � 1
- a relation betweenthe inputs of the system,� and V1,
andthepeakpressurecanberealizedasshown in Equation
19 at the top of the next page. The presenceof cycle-
to-cycle dynamicsis evident by inspectionof Equation19.
This is a very powerful expressionas it relatesa desired
model output, the peakpressure,to the model inputs, the
molarratio of there-inductedproductsandreactants,� , and
the IVC timing (via V1;k ). By inspectionof Equation19 it



P3;k =

�
c3 + c1Ti

�
V1;k

V23 ;k

� 1� 

� �

c1
c2

+ � k � 1

�
�

�
c3 + c1Ti

�
V1;k

V23 ;k

� 1� 

� �

V1;k
V23 ;k

� 

Pk � 1 (1 + � k � 1 ) � c3 �

�
V1;k

V23 ;k

� 2� 
� V1;k � 1
V23 ;k � 1

� 
 � 1
� k P 1=


k � 1
�

1+ � k
c 1
c 2

+ � k

� �
c1Ti

�
V1;k

V23 ;k

� �
c1
c2

+ � k � 1

�
� c1Ti

�
V1;k

V23 ;k

� 1+ 

Pk � 1 (1 + � k � 1 ) � c3 �

�
V1;k

V23 ;k

� 2 �
V1;k � 1

V23 ;k � 1

� 
 � 1
� k P 1=


k � 1

�

(19)

canbe seenthat the peakpressure,P3;k , hasthe following
functional form:

P3;k = f 1(� k ; � k � 1; P3;k � 1; V1;k ; V1;k � 1; V23;k ; V23;k � 1)
(20)

Additionally note the dependenceon the combustionphas-
ing (representedby the combustion volume, V23). What
is now required is a physics-basedexpression for the
combustionphasing.

IV. COMBUSTION PHASING MODELING APPROACH

Previous work ([9], [10]) hasgiven strongevidencethat
an “integratedArrheniusmodel” of combustionis a simple
andaccurateway to mathematicaldescribeHCCI combus-
tion phasing.For propanefuel this integratedreactionrate,R

RR, takes the form:
Z

RR(� ) =
Z �

I V O
AT n exp(Ea=(Ru T))[C3H8]a [O2]bd� =!

(21)
where ! is the enginespeed.The valuesA, Ea=Ru , a, b
andn areempiricalparametersdeterminedfrom combustion
kineticsexperiments.Oncea pre-de�nedthreshold,denoted
asK th , for this integral is exceeded,thecombustionprocess
is initiated and assumedto proceedas a function of crank
angleusinga Wiebe function. The crankangleat peakin-
cylinder pressure,� 23, can then be relatedto combustion
initiation point, � comb;init , as:� comb;init = � 23 � � � , where
� � is constantas a consequenceof the combustion event
proceedingas a function of crank angle. Applying the
thresholdapproachto Equation21, thenyields:

K th =
Z � 23 � � �

I V O
AT n exp(Ea=(RT))[C3H8]a [O2]bd� =!

(22)
Equation22capturesthedependenceof combustionphasing
on the in-cylinder temperature,reactantconcentrationsand
the point in which reactantcharge is introduced in the
cylinder (i.e IVO). Note that prior to intake valve closing
(IVC) (i.e. duringinduction)theintegrandin Equation21 is
quite small sincethere is no compression-inducedheating
or reactantconcentrationincrease.Therefore:

K th �
Z � 23 � � �

� 1

AT n exp(Ea=(RT))[C3H8]a [O2]bd� =!

(23)
With the aforementionedassumptionof isentropiccom-

pression,the in-cylinder temperaturetakes the form:

Tk = T(V; T1;k ; V1;k ) =
�

V1;k

V

� 
 � 1

T1;k (24)

Beforecombustionandafterthepoint in timewhenboththe
intake andexhaustvalvesareshut(i.e. at IVC) the reactant
concentrationscanberepresentedby inspectionof Equation
1, as:

[C3H8]k = �N r ;k =V [O2]k = 5(� (1 � � ) + 1)N r ;k =V
(25)

Furthermore,the total numberof molesof all speciesis
N total ;k = (2� + 23:8)Np;k + (23:8 + � )N r ;k . Then, by
invoking the ideal gasassumptionat IVC:

N r ;k =
Patm V1;k

RuT1;k

1
(2� + 23:8)� k + (23:8 + � )

(26)

Substitutionof Equations8, 24-26into Equation23,applied
to thekth enginecycle, givestheequationon thetop of the
next page.By inspectionof Equation27 it canbe seenthat
the volume at the combustion event, V23;k , is a function
of the molar ratio � k , the IVC timing (via V1;k ) and the
exhaustgas temperaturefrom the last cycle, T5;k � 1, such
that:

V23;k = f 2(� k ; V1;k ; T5;k � 1) (28)

Together, Equations19 and27 completethe physics-based
control-orientedmodelof residual-affectedHCCI. Although
thesemathematicalexpressionsarecomplex nonlinearfunc-
tions, they areneverthelesswell-behaved andamenablefor
controllerdevelopment.

V. DYNAMIC STATE FEEDBACK L INEARIZATION FOR

CONTROL

Through the use of the systemmodel developed thus
far a variety of closed-loopcontrollerscan be synthesized
to track desiredvaluesof peak pressureand combustion
phasing.For illustrative purposes,dynamic feedbacklin-
earization[11] is usedto synthesizea nonlinear tracking
controller, where the desiredsystem error dynamicsare
designedto be:

ep;k = � pep;k � 1; j� P j < 1 (29)

ev;k = � v ev;k � 1; j� V j < 1 (30)

Heretheerrorfor thepeakpressureandcombustionvolume
at cycle k are de�ned as ep;k = P3;k � Pdes

3;k and ev;k =
V23;k � V des

23;k , respectively. Theseerror dynamicscan be
re-written to show that it is desirableto achieve:

P3;k = Pdes
3;k + � P (P3;k � 1 � Pdes

3;k � 1) (31)

V23;k = V des
23;k + � V (V23;k � 1 � V des

23;k � 1) (32)



K th �
A (� (1 � � ) + 1)b

5� b� � a !

 
V1;k (c1 + c2 � k )=(c1Tinlet + c2 �� k T5;k � 1 )

P � 1
atm Ru ((2 � + 23:8)� k + (23:8 + � ))

! a+ bZ � 23 ;k � � �

� 1;k

exp
�

� Ea (c1 + c2 � k )( V(� )=V1;k ) 
 � 1

Ru (c1Tinlet + c2 �� k T5;k � 1 )

�
d�

V(� ) ( a+ b)

(27)

Thecontrol strategy thenbecomessimultaneouslysolving

f 1(� k ; � k � 1; Pk � 1; V1;k ; V1;k � 1; V23;k ; V23;k � 1) =

Pdes
3;k + � P eP;k � 1 (33)

f 2(� k ; V1;k ; T5;k � 1) = V des
23;k + � V eV;k � 1 (34)

for therequiredsysteminputs:themolar ratio � k andIVC
volumeV1;k (i.e IVC valve timing), given:

1) measurementsof the previous cycles peak pressure
P3;k � 1 and crank angle at peak pressure(to get
V23;k � 1) from an in-cylinder pressuretransducer.

2) an estimateor measurementof the exhaustmanifold
gas temperatureat induction,T5;k � 1.

3) previously commandedinputs: � k � 1, V1;k � 1

VI. VALVE TIMING MAP

The control strategy presenteddeterminesthe required
intake valve closing (IVC) time and reactant/re-inducted
product molar ratio � to track desired values of peak
pressureand combustion phasing,as describedin Section
V. Before this can be implemented,however, a map from
desired� for a given IVC timing to the requiredIVO and
EVC valve timings is necessarysinceit is in fact the VVA
systemthat is the control input for the engine.A map of
timings can be developeddirectly from the compressible
�o w equationscommonlyusedto modelenginevalvesor by
experimentunderthe assumptionthat exhausttemperature
effects are small. The functionaldependenceof � on IVO
and EVC for a given IVC then comesfrom a map of the
form:

� k jI V C = f 3(I VO; EV C; I VC) (35)

where the EVO timing is always constantat 490 CAD.
A seriesof steady-statevalve �o w simulationsusing 1-
D compressible�o w equationswas used to generatethe
function f 3 is Equation35. Inverting this relationship,the
required IVO/EVC valve timings can be obtained from
knowledgeof the desired� and IVC timing. The control
loop canthenbe closed.Figure2 shows how the nonlinear
model-basedcontrolleris usedin conjunctionwith thevalve
timing map in closedloop.

VI I . CONTROLLER IMPLEMENTATION ON A 10-STATE

MODEL OF HCCI COMBUSTION

The controller synthesizedin the previous section can
be implementedon a more complete model of HCCI
combustion developed previously ([9], [10]). This model
is basedon an open-system�rst-law analysisof both the
in-cylinder and exhaustmanifold gases,with steadystate
compressible�o w relationsusedto model the mass�o w
throughtheintake andexhaustvalves.Unlike thesimpli�ed

I VOdes

1

z

ades

V
1

des
Cl osed- l oop
cont r ol l ed

VVA syst em

I VCdes

EVCdes

Si ngl e 
Cyl i nder  
Engi ne

V
1

act ual

aact ual

cont r ol l er

P
3

des

V
3

des

P3
measur ed

T1, pr od
est i mat ed or  meas.

V3
measur ed

val ve 
t i mi ng 

map

Fig. 2. Block diagramof controller implementation

model presentedhere, the more detailed model includes
temperaturedependencein the speci�c heats,continuous
heat transfer throughoutthe entire enginecycle, a �nite-
durationcombustionevent capturedwith a Wiebe function
anda controlmassexhaustmanifoldmodelundergoingheat
transfer.

370

375

50

55

60

20

25

30

35

165

170

175

220

225

230

an
gl

e 
of

 p
ea

k
pe

ak
 p

re
ss

 
   

  [
at

m
]

IV
O

E
V

C
IV

C

0 15 30 45 60 75
cycle number

90

0 1 2 3 4 5
time [seconds]

6

control on desired value

Fig. 3. Simulationof trackingcontrolleron 10-statemodel,dashedline:
desiredvalues

Figure 3 shows the result of the simulation as the de-
sired peakpressureand combustion phasinggo througha
seriesof step changes.Note that the systemresponseto
stepchangesis immediate,exhibiting systemcontrol on a
cycle-to-cycle basis.This is a result of the physics-based
approachusedfor controller synthesis.Since the control-
oriented systemmodel has been formulated to represent
the cycle-to-cycle dynamicsin residual-affected HCCI, a
carefully synthesizedcontroller can be expectedto exhibit
control on a cycle-by-cycle basis.Additionally, note that
the �uctuations in the valve timings are very manageable,



further validating the control approach.The existenceof a
small amountof �uctuation in the peakpressureandangle
of peak about the desiredvalues is simply the result of
simpli�cations in the control-orientedmodel.

VI I I . EXPERIMENTAL RESULTS

Physics-basedclosed-loopcontrol has also beenimple-
mentedon a singlecylinder researchengine(for enginede-
tailssee[4]). For thesepreliminaryexperiments,IVC is held
constant,resultingin a fairly constantcombustion phasing
aslong astheIVO/EVC timingslie alonga particularlinear
map(see[8] and[4] for detailson this map).Peakpressure
control was realized by synthesizinga Linear Quadratic
Regulator(LQR) controllerfrom a linearizationof Equation
19 [8]. Resultsfor this approachareshown in Figure4 and
demonstratebothmeantrackinganda substantialreduction
in the cyclic dispersioncomparedto the uncontrolledcase.
The controller introducesmore stability, and as a result,
expandsthe applicableoperatingrange for HCCI. These
results verify that physics-basedmodels can be used to
synthesizecontrollers which operateon a cycle-to-cycle
basis.
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IX. CONCLUSIONS

While the cycle-to-cycle dynamics and chemical
kinetics of VVA-inducedHCCI are complex, the essential
characteristicsfor control can be capturedin a relatively
low-order model.The model leadsnaturally to a feedback
linearizing controller that usesthe molar ratio of reactants
to productsandthe the intake valve closingtime asinputs.
Paired with a map from desiredvaluesof the molar ratio
and IVC to required IVO/EVC timing, this representsa
completeapproachfor implementingcontrol.

A closed-loop simulation with a more complex 10-
state HCCI model shows that despite a number of
simpli�cations, thecontrolstrategy is quiteeffective. When
implementedon anengine,a simplerstrategy basedon this
modeling approachworks quite well without additional
tuning of control gains. The resultsfrom both simulation
and experimentshow that cycle-to-cycle control of VVA-
induced HCCI can be achieved using a physics-based
approach.

X. FUTURE WORK

The next step in this work is the experimentalimple-
mentationof the control strategy presentedin SectionV
for tracking both peak pressureand combustion phasing
independently. Following that,thefocuswill turn to relaxing
someof the restrictionsof the currentapproach,including
constantenginespeedandsinglecylinder operation.
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