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A Simple HCCI Engine Model for Control

Nick J. Killingsworth, Salvador M. Aceves Daniel L. Flowers, and Miroslav Krstt'

Abstract—The homogenous charge compression ignition of the engine cycle. Furthermore, time is the independent
(HCCI) engine is an attractive technology because of its variable in a MVM whereas the crankshaft angle is the
high efficiency and low emissions. However, HCCI lacks a independent variable for a DEM.

direct combustion trigger making control of combustion timin .
challenging, especiaﬁg during trgnsients. To aid in HCCI engige Several HCCI control-oriented mgdels _have been devel-
control we present a simple model of the HCCI combustion Oped and most are DEM. A model including the effects of
process valid over a range of intake pressures, intake tem- residuals induced by variable valve actuation is derived in
peratures, equivalence ratios, and engine speeds. The model[2]. The authors find that modeling ignition of the propane-
provides an estimate of the combustion timing on a cycle- 5 mixture using an integrated Arrhenius rate expression
by-cycle basis. An ignition threshold, which is a function of . .
the in-cylinder motored temperature and pressure is used to prowdt_as better resqlts than_ usmg gtemp_erature threshold or
predict start of combustion. This model allows the synthesis of Knock integral. The interaction within the intake and exhaust
nonlinear control laws, which can be utilized for control of an  manifolds between cylinders in a multi-cylinder engine is
HCCI engine during transients. addressed in [3], a knock integral is used to capture ignition
in this work. The two stage ignition inherent in diesel fuel
combustion is explicitly characterized in [4]. The initiation of
With ever increasing pressure to reduce emissions, thge first stage is modeled using an integrated Arrhenius rate
need for new low polluting engine technology has never beeskpression and the second stage by a temperature threshold
greater. Consequently, the homogenous charge compressiRgt is a function of EGR and the air to fuel ratio (AFR).
ignition (HCCI) engine, with its high efficiency and low An HCCI engine running on ethanol fuel is modeled in [5]
particulate and NOx emissions, is a prime candidate. Theg@ing a two-step reaction mechanism. In [6] a model utilizing
benefits are a result of the ignition process; HCCI engineg shell model for hydrocarbon fuels containing five species
take advantage of a lean homogenous mixture of combustigid eight reactions is compared to ignition modeled using an
gases that undergo autoignition during compression allohtegrated Arrhenius rate threshold and experimental results.
ing these engines to operate with diesel-like compression Mean value models are more typical in spark ignited and
ratios, giving high efficiency and low peak combustiongiesel control-oriented models. In [7] a MVM for HCCI
temperatures, and reducing NOx emissions [1]. Howeveg considered. The model has eight states, including an
controlling HCCI engines is difficult because of instability ofexhaust gas recirculation valve and exhaust rebreathing lift.
the autoignition process. Thus, developing stable and robugtset of algebraic equations is used to relate the in-cylinder
methods of control is paramount to achieving the potentiglonditions at intake valve close to the conditions at exhaust
of HCCI engines. valve close. A similar cycle-by-cycle model was developed in
Model-based control requires the generation of HCCg] for an HCCI engine with variable valve actuation, except
engine models either from first principles or through systhis model does not include flow to and from the exhaust and
tem identification. Fully characterizing the many compleXntake manifolds and assumes constant combustion phasing.
processes that occur in HCCI engines is a nearly impossibiéis model is expanded in [9], where combustion phasing is
task. Moreover, the goal of this work is to provide a modehccounted for using an integrated Arrhenius rate expression.
that can be used to derive control laws, thus, we are onfyurthermore, this model provides an expression that relates
concerned with those subsystems that affect the behavigf current cycle’s peak pressure and combustion phasing to
we would like to control. Therefore, it is desirable to develophe inlet conditions and the previous cycle.
a simple model of the HCCI engine that allows us to extract Although these DEMs and MVMs have made great strides
the main system dynamics. in simplifying all the complex physics that take place in
The dynamics of HCCI combustion can be modeled usingn HCCI engine, they are still rather complicated, making
either a mean value model (MVM) or discrete event modet either impossible to derive control laws or the resulting
(DEM). A MVM is continuous and depicts only the averagecontrol laws are too computationally intensive for real-time
behavior of an engine. On the other hand, in a DEM almplementation. There has been success linearizing some of
engine events correspond to the actual points in the cyclgese HCCI engine models to obtain models that are tractable
in which they occur, characterizing the reciprocating naturgyr the generation of control laws [8], [10], [11]. However,
) o . these linearized models are only valid around the operating
tDepartment of Mechanical and Aerospace Engineering University of . . . .
California, San Diego La Jolla, CA 92093-0411, U.S.A. point where they are linearized. The use of a nonlinear model
1 Lawrence Livermore National Laboratory Livermore, CA 94551 would yield a control law valid over a large operating range,
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making control during transients a possibility. The goal of The 0-D model is run with a chemical mechanism that

this work is to present a model that is simple enough to allowncludes species up to C4 chemistry [15] and the chemical

the synthesis of nonlinear control laws, yet still captures akinetics are solved using Cantera [16]. The natural gas com-

the main features of HCCI engine processes. position used for the simulations is given in the upper half of
In the following section we generate an ignition lineTable |. The simulations are run for all combinations of the

from a zero-dimensional model of HCCI combustion withconditions listed in the lower half of Table I, disregarding

detailed chemistry, where the ignition line is used to modedimulations in which CA50 is outside the range of [-5, 10]

autoignition. Subsequently, we layout all the equations tharank angle degrees (CAD) after top dead center (TDC).

describe the compression, ignition, heat release, expansiddditionally, the runs at 1300 RPM includg;,ioke =

and exhaust blowdown within the cylinder during an engingd.9,1.1,1.2] atm.

cycle. The model is then compared to the zero-dimensional

model. Finally, the developed equations are combined to

create a state-space model. The end result is a cycle-by-cycle

TABLE |
SIMULATION CONDITIONS

model of an HCCI engine. Fuel Blend CH; CuHg Csfls Ciflig
mol % 94 4 1 1
[1. 1GNITION CORRELATION RPM 1300 1500 1800 2100
The key to HCCI operation is the autoignition process,” " Mt e 430 22150 435;0 igo a0 4k
. . . mtare
synonymously this is the most crucial aspect of an HCGQl 4 025 03 035 04 045

model. Autoignition is controlled by chemical kinetics and is

thus a complex phenomenon. The use of a detailed chemicalThe engine parameters for the simulations correspond to
mechanism requires the solution of hundreds of differentigin experimental HCCI engine located at Lawrence Livermore
equations, which is computationally intensive. Often simpleNational Laboratory that is based on a Caterpillar 3406
modeling schemes are used, such as a global integrafad] and are given in Table Il. This engine has a hot and
Arrhenius rate equation. This method defines combustion @8ld manifold similar to the schematic in Fig. 1 allowing
the point at which the integral of a function of in-cylinderindividual control of the intake charge temperature for each
temperature, pressure, and concentration of specific specigginder.

reaches some critical value [12]. The integrated Arrhenius

equation has been used successfully, but requires solving for

the upper limit of the integral.

We propose a simpler solution to modeling autoignition,
that is to correlate ignition to the point when a threshold,
which is a function of in-cylinder temperaturé,,; and
pressurep.,;, is exceeded. It was found in [13] that a
log(pey1) versuslog(Te,;) map can be used to visualize
ignition and that for many fuels, ignition falls on a line within
this map. We are interested in fueling the HCCI engine with
natural gas and found that for this fuel the ignition line is O
more linear inp.,; versusT,, space rather thatog(pc,:) //
versuslog(Tc,:) space.

In this section we will outline the generation of a map_ _ _ _ .
Fig. 1. Schematic of engine. The intake charge temperature is controlled

and the use of this map to determine an ignition line. Tgsing a valve to regulate the amount of intake charge that comes from the
generate the map we use a zero-dimensional (0-D) model taft and cold manifolds.

HCCI combustion during the closed portion of the engine
cycle, utilizing detailed chemical kinetics. Additionally, heat
transfer is included using Woschni’s correlation [14]. The
0-D model treats the in-cylinder gas mixture as perfectly

Hot Manifold

Temperature

Control valve Exhaust Manifold

Lo Peso Yo

Cold Manifold
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TABLE Il
ENGINE AND MODEL PARAMETERS

homogenous, such that all thermodynamic properties, tefParameter Definition Value (if constant)
perature, pressure, and species concentration are equivalenta crank radius a=L/2
and independent of location within the cylinder. This type o cylinder bore 137 mm
B . . connecting rod length 330 mm

model only takes into account the bulk gas in the middle of f, stroke 164 mm
the engine cylinder and does not account for the volume pof Ve Clebarance vfcf)lume

; g ; ; ; Ne combustion efficiency 0.9
ggsllymg Wlthllt] crevices of the engine. N.eg'lectlng the gas me  polytropic exponent during compression 1335
within the crevices causes an under-prediction of unburned ,,_ polytropic exponent during expansion 1.35
hydrocarbons, thus this type of model is not useful for th compression ratio 16:1

prediction of CO or unburned hydrocarbons. Nevertheless, 0-
D models have been found to provide a good estimate of theFor each run of the 0-D model the crank angle degree in
start of combustion, [1], with minimal computational time. which one percent heat release occurs (CAl) is determined



and the motored pressure and temperature is noted. Figure 2

is a plot of the motored temperature versus motored pressure 2o 300 om . o

divided by p? ... at which CA1 occurs, where = 0.8 1300 rgm ™

and was found by trial and error, normalizing the motored + 1500 rpm $* 3
pressure in this manner causes the data points for a given _ 19| - - -1500 rpm * 20 o

rpm to collapse onto roughly a single line. Each data point £ 1800 rpm o T =
corresponds to a simulation of the 0-D HCCI model. We 3 g 1800 rpm % s «
choose CA1 because it is essentially the point in the cycle ¢ ;igg :";2 i ’:i*%‘,?ﬁéj%f"/* & *

at which chemistry becomes important and the in-cylinder @ | —% 3%%& Ho™ op a ¥
pressure and temperature begin to deviate from the motored e A0 .0

(frozen chemistry) pressure and temperature. SO ,

1200 :
o 1300 rpm
N 1300 rpm
1150} * 1500 rpm | Fig. 3. Burn duration versus the crank angle at which one percent heat
-~ -1500 rpm release occurs and linear fit of data at each rpm.
1800 rpm
1800 rpm
< 1100t 2100 rpm | |
— 2100 rpm Ill. HCCI CyCcLE MODEL
The model provides an estimate of the combustion timing
10507 as well as the properties of the the residual gas left in the
cylinder at the end of cyclé. The combustion timing is
1000 the variable we are trying to control and the residual gases

300 350 400 450 500 550 influences the next cyclé + 1. The notation used in the
PP, following equations corresponds to the schematic of the
engine presented in Fig. 1.
Fig. 2. Motored temperature versus normalized motored pressure at which Ejrst we separate the closed portion of the cycle which
one percent heat release occurs for multiple rpms. Ignition lines are plotted f . k | oS VC h ’ |
for each rpm and are least squares fit to the data. occurs from 'nt'_a e valve closing (IVC) to exhaust va ve
opening (EVO), into three phases: IVC to start of combustion

A line is fit to the data plotted in Fig. 2 for each rpm(SOC), SOC to the end of combustion, and expansion of

resulting in an ignition line the gases to EVO. Furthermore, we will model exhaust
(O500) blowdown and stroke from EVO to exhaust valve closing

Teyi(0soc) = mlpcylnJ + b1. (1) (EVC). The result is an algebraic relationship between the

Pman gas properties at IVC and both the combustion timing and

The slopem; is almost constant with rpm resulting in the in-cylinder gas properties at EVC.
parallel lines in Fig. 2 while the constait increases with

rpm. This shift is expected because as the rpm increasgs Temperature Control

so does the speed of the piston, whereas the chemical tim
scale of the reacting gas is fixed. This type of ignition model ! L ) .
requires that CA1 occurs before TDC, which is typically thém'_m""tely the combustion timing by regulating the por_tlon
case, however for engines with low heat transfer and veR; intake charge that comes from the hot and cold manifolds

late combustion timing this model might not suffice. (See Fig. 1). A valve s used 0 control the raficof mass
Additionally, these simulations are used to determine gow from the hot and C.OId manifolds. Thus the overall intake
correlation for the burn duration defined A% = 0c a50 — manifold temperature is,

0c a1. Figure 3 shows the burn duration as a function of CA1 T B = (1 — BN ( T k 3
for the conditions given in Table 1l. We can see from this man (k) = (1 = B(k))Thot (k) + B(k)Teota (k). (3)

plot that the linear fit, B. In-cylinder Mixing
Ab(k) = mabsoc (k) + bz, (2) The total mass of gas in the cylindet,,; is found using

e\Ne control the temperature of the intake charge and

does not change much with rpm, so we use a single lind1€ ideal gas law at IVC,
There is little change in burn duration with rpm because at )WV,
. L . o pman( ) IvC
higher rpm ignition occurs at higher temperatures, as we can Mey1 (k) = “RTivok) (4)
see from Fig. 2, thus the chemistry is faster and compensates fve
for the increase in piston speed. In an actual engine the buand is the sum of the mass of the fresh charge and the mass
duration is longer than found here due to inhomogeneity aff residual gas trapped from the previous cyote.,. The
species and temperature within the cylinder. specific gas constam=r,,/Mw is the universal gas constant



divided by the molecular weight of the gas mixture,.s is at which,

determined using the ideal gas law at EVC, Teoaso = Tve + AT, (13)
pes(k) = peve(k —1)Veve (5) Where T, is the in-cylinder gas temperature before com-
e RTgyc(k—1) bustion found from equation (9) evaluated & 50. The

The temperature of the in-cylinder gases at IVC is founééEmperature rise due to combustion is,
from the mass weighted temperature of the fresh charge and 1— k
AT(I{) _ anLHV xcyl( ) (14)

residual gases, ¢o 1+ AFR.,(k)’

Trve(k) :WT"MHUC)+%TEVCU€_I)- (6)  where the combustion efficienay. accounts for incomplete
combustion and is assumed to be constahty is the
lower heating value of the fuel, ang, is the specific heat

at constant volume of the in-cylinder gas. The pressure at
AF Ry (k) :(lfrcyz)(lJrAFRman(k))Wlﬂii*’f’fn’?aw71, (7) 6 as0 can be found using the ideal gas law.

The air to fuel ratio in the cylindeAF'R.,; considering
the additional air contained in the residual gas is,

where AF R,,. IS the air to fuel ratio of the intake charge.E. CcA50 to EVO
We keep track of the mass of the species we assume to b
unreactivem,, ; at locationy such asN,, CO,, and H,O
using an inert gas fraction, = m, ;/m,, wherem,, is the
total mass of gas at locatian The inert gas fraction in the

®The gas then undergoes a polytropic expansion until the
exhaust valve opens, the in-cylinder pressure and temperature
at EVO are,

: . ne—1
cylinder is, . Tevo(k) = Toaso(k) (“?((3235’0()» . (15)
cyl = kE—1 mTL. 8 fte
Tey = Tpve( )mcyl(k) ® pevo(k) = pcaso(k) (W) - (16)
C. IVC to SOC (Psvo)

The in-cylinder gases undergo a polytropic compressidn Exhaust Blowdown
from IVC until SOC. Therefore during this phase the in- At exhaust valve closing it is assumed that the gas under-

cylinder gas temperaturg,,; and pressure.,,; are, goes an adiabatic expansion from the pressure at EMQ)
down to the exhaust manifold pressure and there is a drop
V(0rve) ne—1 in temperatureAT,, due to heat loss,
Tou8) = Trve() (F20C) L @ .
V(o) peve(k)
V(Orve)\™ Teve(k) =Tevol(k) m + AT,,.
Peyt(k,0) = prvo(k) (V(Q) ) , (10) EV a7

where the polytropic exponent, is assumed to be constantG. Residual Gas State

and is chosen such that the motored pressure trace matcheghe inert gas fraction of the gas in the cylinder after
that of the 0-D model, which includes temperature dependeaémbustion assuming Comp|ete combustion iS,

specific heats and heat transfer. The in-cylinder pressure at

intake valve closingp;y ¢ is assumed to be equal to the zpve(k) = (
manifold pressure,,.,,. The cylinder volume is found from

1+ AFRstoich

1+AFRcyl(k)> (1 = 2y () + ey (),

the slider crank equation . I L . (18)
) ’ where AF R;.icn, IS Stoichiometric air to fuel ratio.
B -
V() =Vet+ =~ (l +a—acost —+/I* — (asin ‘9)2) : IV. RESULTS AND DISCUSSION
. _ . (11) The model presented in this paper is compared to the 0-
the parameters from this equation can be found in Table I model outlined in section II. Figure 4 shows the error
D. SOC to CA50 in CAS50 ecas0 = 0cas0,00 — Ocaso,sm between the zero-

The start of combustion occurs when the in-cylindep.'menS'on model and the simple model presented here. Each

. . . circle is the average error in CASQ; 45 for a fixed intake
temperaturelr,; and pressurey,,; lie on the ignition line . .
; . pressurep;...ke SPanning the range of intake temperatures
equation (1) andsoc is the argument off'spc(9) when . L
S T Tintake and equivalence ratias in Table | at 1300 rpm. The
the ignition line is crossedl'spc andpsoc are found from

(9)-(10) with (11) evaluated dtsoe. It is assumed that fuel E:;()S;B?ers show the standard deviation for each fixed intake
. 0 .
reacts instantaneously at the crank angle where 50% of t eFigure 4 shows that there is three to four degrees of bias

heat is r_eleased (CA5O)'. CAS0 occute after the start O.f error in CA50 between the models around atmospheric intake
combustionfspoc assuming that the combustion duration

) : . . ressure. As the intake pressure increases the average error
is found from equation (2). The in-cylinder pressure an S

. . decreases, however the standard deviation increases. The
temperature adhere to equations (9) and (10) until,

simple model predicts CA50 early at low intake pressures
Ocaso = O0soc + Ab, (12) and late for higher intake pressures. And in some cases for



6 predicted for all cases.
4 geeh g
o 2 1160 T T r
2 5 AN - data
o % 1140} 235, \\ —— ignition line
-2 2 40 - - -modified ignition line
_at 1120}
-6 L s L L |
1 2 3 4 < 1100

=

pinlake (atm)

F 1080}

Fig. 4. Average error between CA50 predicted by the zero-dimensional  1pgg}
model and the simple model for 1300 rpm and varidi$:,xe and ¢
plotted versu®;.:qke. The error bars indicate the standard deviation. 1040}

1020 . . . :
. . . 350 400 450 500
higher rpm and intake pressures the model does not predict plp"

ignition. This discrepancy occurs because the model does not "

accurately predict the motored pressure over the whole rangg. 5. Motored temperature versus normalized motored pressure at which
of intake pressures. The polytropic exponent during compresre percent heat release occurs. Solid red is the ignition line and the dashed
sionn, is picked so that the motored pressure matches that @fe" iné is the modified ignition line.

the zero dimensional model at an intake pressure of 2.5 atm

and an intake temperature of 436. Becausen, is fixed

the simple model over predicts the motored pressure and 3r
temperature at low intake pressures and under predicts these
at higher intake pressures. This error is due to two reasons,
at higher intake pressures less temperature is required to

[y

ignite the mixture so the accompanying intake temperature at mg

high pressures is typically lower, which necessitates a larger or ﬂ; ({)
polytropic exponent.. . Secondly, at higher intake pressures 1t

there is more mass in the cylinder while the surface area is

the same so proportionally there is less heat transfer per mass =2 1 5 3 2
of gas. Pintake (M)

Furthermore, an increase in the standard deviation is due to
using a single line to approximate the variation present in thfgg- 6. Average error between CAS0 predicted by the 0-D model and the
data for the ignition line in Fig. 2 and in the correlation forSlmple model using the modified ignition line for variofs. e, ¢, and

g_ - ) g A rpm, plotted versup;,¢qke- The error bars indicate the standard deviation.
the burn duration in Fig. 3. This scatter occurs in part because
the ignition line (1) is not a function of the equivalence ratio.
If the engine is expected to operate over a smaller range of V. CONTROL FORMULATION
intake pressures we anticipate that this model will provide

better results. For example, naturally aspirated automobibee

engines typically operate kntare = latm, this condition the exhaust manifold pressupg, is constant, which is close

IS easier to model. to reality except if the engine is turbocharged. Firstly, we
To improve the performance of the model over the range (ﬁf]sert (9) and (10) into (1) and arrive at

intake pressures it is possible to compensate for the errors

in the motored pressure by adjusting the ignition line. By ijc(k)(%)”C*l:mlpga—p(;@)(%)"ubl, (19)
requiring the line to pass through a point corresponding to an )

intake pressure of 2.5 atm and rotating it clockwise about thi¥€ then solve equation (19) fék,.

point the modified igniti(_)n line will requi_re_ more pressure ) - _ 7, (k) V(0rve),my,b).  (20)

and temperature for ignition than the original ignition line

at low intake pressures and less at higher intake pressuresThe in-cylinder temperature at the end of the cycle shown
Figure 5 shows the modified ignition line for 1300 rpm. Andin equation (21) depends on the current value of several
Fig. 6 presents the error in CA50 when the modified ignitioparameters in green and blue, and on the exhaust temperature
line is used for all rpms and conditions listed in Table I. Wedrom the past cyclel'zyc(k — 1). Where the color red is

can see from Fig. 6 that the mean error in CA50 is closarsed to indicate the state, magenta the control variable, green
to zero and the standard deviation is within two CAD fomeasured disturbances, and cyan is used to indicate variables
low intake pressures except fpf,;qxe = 1.1 atm and well that depend on other variables. The in-cylinder temperature
within 4 CAD at higher intake pressures. And ignition isat IVC,

Equations (1)-(18) are combined to form one relation
tween the conditions at IVC and EVC. It is assumed that
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