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Abstract— A Mean Value Model (MVM) for a Homogeneous
Charge Compression Ignition (HCCI) engine is presented. haust Gas Recirculation (eEGR) and thus the cold fraction
Using a phenomenological zero-dimensional approach with of the inert mass trapped at IVC.
five continuous and three discrete states we first model the

effects of the Exhaust Gas Recirculation (EGR) valve, the ar
exhaust Rebreathing Lift (RBL), and the fueling rate on ast E
the state of charge in the cylinder at intake valve closing. ot

An Arrhenius integral is then used to model the start of

combustion, 6s... A series of simple algebraic relations that
captures the combustion duration and heat release is finally
used to model the state of charge after the HCCI combustion
and the Location of Peak Pressure (LPP). The model is
parameterized and validated using steady-state test data from
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an experimental engine at the General Motors Corporation. % 100 20 vank angle Degrees pag ATDG 600 0
The simple model captures the temperature, pressure, air-

to-fuel ratio, and inert gas fraction of the exhausted mass Fig. 1. Exhaust, intake and rebreathing valve profiles

flow. This characterization is important for the overall HCCI
dynamics because the thermodynamic state (pressure, tem- ) ) ]
perature) and concentration (oxygen and inert gas) of the Control synthesis and design requires a model that rep-
exhausted mass flow affect the next combustion event. The resents the effects of the valve actuators to the charge
high dilution level in HCCI engines increases the significance ¢onditions and the HCCI combustion characteristics. Phe-
of this internal feedback that generally exists to a smaller nomenological crankangle-resolved HCCI combustion mod-
extent in conventional spark-ignition and compression-ignition . .
internal combustion engines. _els have been developed orlglnally_ln_[lo] and recently
in [14]. Although these models are indispensable for un-
l. INTRODUCTION derstanding and simulating HCCI combustion, low-order
_ _ ~_models are necessary for real-time feedback and observer
The basis of Homogeneous Charge Compression Ignitigfesign. Efforts to extract information from the crankangle
(HCCI) engines is their fast and flameless combustion aft@gsolved models and control the peak cylinder pressure
an autoignition process of a homegeneous mixture. HCG@k propane-based HCCI combustion are presented in [15].
combustion achieves high fuel efficiency [10] with low NOX|nput-output models based on system identification are
emissions due to the limited cylinder peak temperature (b&hown in [2] and used for control of the combustion timing
low 1700 K). The timing of HCCI combustion is determinedyith dual-fuel. Papers that present experimental restitts w
by mixture conditions, rather than the spark timing or theontrolled HCCI combustion through in-cylinder pressure
fuel injection timing that are used to initiate combustiorr jon current feedback have used decoupled (single-input
in Otto and Diesel engines, respectively. Instead, cdetiol single-output) control laws. In [11] three decentralized P
autoignition requires regulation of the mixture propestie controllers for an inlet heater, fuel charge, and fuel oetan
(temperature, pressure, and composition) at the IntakeValratio are used to regulate inlet temperature to 80 degrees,
Closing (IVC). Observations show that Variable Valve Tim+rack IMEP commands, and regulate 50 percent burn timing
ing (VVT) flexibility can provide control over the mixture (CA50) to a range of 3-8 degrees ATDC. The last control
conditions at IVC [S], [16]. For example, early Exhaustgogl is the hardest to achieve. In two recent papers [1], [12]
Valve Closing (eEVC) and late Intake Valve Opening (IIVO)p| controllers are used for intake valve closing or negative
enable internal EGR (IEGR) with high temperature trappegyerlap. The authors anticipate better results with model-
residuals, which also alleviates the preheating need [8]. hased tuning of the controller gains and coordination of all
control hot residuals (internal Exhaust Gas Recirculadion the gvailable actuators.
IEGR), we consider in this paper an actuation technique To this end we develop in [13] a Mean Value Model
called exhaust rebreathing, in which the exhaust valve WVM) that Captures the effects of the exhaust valve
reopened during the intake stroke, as shown in Fig. 1. febreathing liftu,+;, the EGR valveu,,,, and the gasoline
conventional EGR valve allows control of the external Exfueling ratelV; to the charge composition and combustion
. . . _ characteristics. Specifically, we consider as performance
Funding for this work was provided by the General Motors @oagion variables the in-cvlind ir-to-fuel ratio (AER) at th
under contract TCS-09026 >t -cylinder air-to-fuel ratio ( ) at the-ex
Corresponding author, annastef@umich.edu, ph:(734)@85-8 haust tailpipe and the crank angle of 50% fuel burned,
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fcas0 that approximates the location of peak pressuralgebraic relations whereby conditions at Intake Valve
Orpp. We assume the availability of a wide range, fastClosing (IVC) determine those at Exhaust Valve Opening
heated Exhaust Gas Oxygen (EGO) sensor for AFR meg=VO). The combustion model provides the composition
surements in the exhaust manifold Rgo. In summary, and temperature of the gas that is exhausted and fed back
we develop the appropriate model for regulating AFR antb the cylinder through eEGR and iEGR, representing inter-
fcas0 by coordinating the rebreathing valve lift.,;, and nal feedback from the Manifold Filling Dynamics (MFD)
the EGR valveu.,, during step changes in fueling raltg;  through the HCCI combustion and back to the MFD. The
and constant engine spe&d The input-output signals and integrated model, shown in Fig. 3 captures both the steady-
other important variables used in this paper are shown Btate relations between the inputs and outputs and their
Fig. 2. dynamical evolution. The model is accurate for dynamics

slower than the cycle period, or those belaw = 257
Uegr rad/sec where N is in rev/min.
W l W exhaust
intake manifold
\manifold " &l # .21 | Wfl Xol
" mz 20 | AFR : AFR & AFRggo
Urb 3 .2 Lt Upp) Manifold
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Fig. 2. Schematic diagram and notation for the mean value model. Delay
II. MODEL STRUCTURE Fig. 3. The integrated mean value model, consisting of Mauhifeilling

namics (MFD) and HCCI combustion model.
The model presented here includes a physics- base& (MFD)

parametrization of HCCI behavior. The MVM dynamical i
behavior is associated with (i) states representing thesmas

composition and pressures in the intake and exhaust manDynamometer experiments used to parameterize the
ifold volumes and (ii) the delay between cylinder intake'VM were performed on a single-cylinder engine (86 mm
and exhaust processes. Cycle-average cylinder flows kgre, 94.6 mm stroke, 0.55 L displacement, compression
temperatures; and 7., enter the cylinder (volume) ratio CR=14), at 1000RPM and a range of loads. The
from intake (volumel) and exhaust manifold (volum®), cylinder head includes four valves, a pent-roof combustion
respectively, as shown in Fig. 2. Variables associated wighamber, and a spark plug that was not activated during
ambient conditions are denoted with subscfipMasses at these experiments. A flat-top piston with valve cutouts
volume x are calledm, and pressures are called. To enabled Spin—free operation of the fU”y flexible intake and
account for composition dynamics, inert gas fractipnat ~€xhaust valves.

. EXPERIMENTAL SET-UP

volumez is defined as Sonic nozzles measured airflow, and two large plenums
mass of inert gas i mi da}mpeq mtake. pressure pulsations. Plenums heaters main-
iy = = == (1) tained intake air temperature of ‘9D. Fuel flow was mea-
total mass inx My

sured with a Pierburg PLU 103B flow meter. Exhaust gas
wherem!, is the mass of inert gas (combustion products) akcirculation (EGR), controlled manually via a ball valve,
volume x. Since the HCCI engine operates lean, both thgas mixed with the fresh air and fuel mixture upstream
flow through the EGR valve and the rebreathed residuatf the engine in the first intake plenum. External heat
contain air. Mixture compositions therefore include threexchangers maintained air and water temperatures©a.95
components: air, fuel, and inert gas. A Kistler 6125 pressure transducer located at the rear of

The five model states defined by differential equations abe combustion chamber along the axis of the pent-roof was
shown in rectangular boxes. Flows are depicted accordirgnplified with a Kistler 504E charge amplifier. Crankshatft
to the notationW,, where = is the source of the flow position was measured with a Dynapar crankshaft encoder,
and y is the sink. The exhaust flowy .o, from cylinder and a hall-effect sensor provided camshaft location. A
to exhaust is considered as a delayed sum of the flows inBensotec strain gage transducer provided intake manifold
the cylinder. The other two delayed states correspond to tipeessure, which calibrated the cylinder pressure reading a
exhaust runner gas temperatufg, and inert gas fraction, the bottom of the intake stroke. Cylinder pressure data was
e recorded using the MTS-DSP Advanced Combustion Anal-

The MVM is parameterized from steady-state test datgsis Program (ACAP) that calculates performance parame-
collected from a single-cylinder engine described in Skc. | ters such as Peak Pressure and location of peak pressure in
The combustion process is considered as a series of causll time.
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A simple filling model using partial pressure of therunner. These quantities are calculated in the last phase of
intake mass and the exhaust gas temperature in the exhahst combustion model, presented in Sec. VII-C. Again,
runners estimated the residual mass within the cylinderepresents the cycle delay imposed by the engine’s cyclic
Temperatures throughout the cycle are calculated usitghavior. Note here that the differential equations (3)-(3
the ideal gas law and the estimated trapped mass. Thesn be discretized using the Euler's method on an interval
temperatures are estimated to be accurate to within +/- 5%qual to the engine cycle. For higher fidelity we leave the
Standard heat release analysis was used to determine baranifold filing dynamics of Eq. (2)-(3) in the continuous-in

locations during combustion. time domain and interface with the discrete-in-time cyéind
IV. MANIFOLD FILLING DYNAMICS (MFD) Eg:gy(gélar)mcs of Eq. (4)-(6) with a sample and zero-order

Based on the assumption of an isothermal intake manifold e flows TV, from volumez to volumey are based on
with T} = 90 degrees C (363 K), two states are sufficient tg,y grifice flow equation ([7], Appendix C). The EGR flow

characterize the intake manifold: the total intake madifol W1, via the EGR valve effective flow are@y A, (teg,)
mass,m1, and inert gas fraction: is determined by,

Ay =Wo +Wo = Wie V. C A c e

%Z& _ —Worii + Woai(ia _21). 2) . CYCLE-AVERAGE CYLINDER FLOW

my The mean flows into the cylindef;. and Wy, are

The ideal gas law relates the intake manifold presgyr®  calculated
the mass by, = m; R‘Zl whereV; is the intake manifold ne(1 — )
volume. The thermodynamic constants are the difference of Wie = ——"m,— Wy
specific heats at constant pressure and constant vol&me ( Wo — new,” ™
kJ/(kg K)) and the ratio of these specific heatd. (The e e

dependence of these variables on the inert gas fraction r\ﬁﬁeren

bheen lTer?leﬁtEd' \:]Ve asr:];urr]ne hlere t'@ﬁlg{ 1‘_’]‘9 < p2) sdo cylinder mass at IVC (derived in the next sectiob)y is
that all the flows through the valves and orifices are due s mean fuel flow rate into all of the cylinders and is

the pressure difference between the volumes and the fiqye masg fraction of internal (higher temperature) redidua
from the intake manifold to the cylindéi’;. is a forced gases at,,. ([7] p. 102). For the system's fixed intake

flow due to cylinder pumping. valve closing anglef;,., and constant intake manifold

d temperature]y, x, iS parameterized by:
—ma = We —Wao — Way — Wa P T e isp y

= 1 is the number of cylindersn,. is the trapped

dt K
d Wc ‘er -1 ' g
— iy = M xr =a1(1+ KZORQL) (wrpr + aguﬁbl + agufbl) (8)
Cclit R " P2tV Ter CqA
P2 = 77 (WczTer — (Wao + Way + WQC)T2) ) o
2 3 where all then andx coefficients have been identified using

Three states represent the gas filling dynamics in tHeXPerimental data and simulations of a GM proprietary
exhaust manifold: massys, pressureps, and inert gas engine model with crankangle-resolved flows as shown in

fraction, i (3). V4 is the volume of the exhaust manifold. (€ SPecific example of Fig. 4 far,, = 3 mm.
The temperature of the gas entering the exhaust manifold

iS Ter = er — ATerZ Where ATer2 iS a temperature so00- AFR 20 P1amb&P2amb:101 RBL:2 EGR:0.015 Wf:11.9 FLOWS

drop of 75C, based on test data, from the exhaust runner - — W
temperature’.,). The ideal gas law relates the temperature ~ «= EVP v g
to the pressure and mass valugs:= paVa/(Rms). Wea is ol : RBP - p
the average mass flow rate from the cylinder to the exhaust ggi’,

manifold, calculated as delayed cycle-sampled total flow 5§ 20 ! N\

into the cylinder:
Wea(t + 1) = Wic(t) + Wi (t) + Wac(t). (4)
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The temperature7,,., and inert gas fraction;.,., of the pY o
mass flow through the exhaust runner are also calculated -
via delays: 2000 |-
T, (t + 7') = de(t) (5) oo |
ler(t +7) = iva(?) (6) I T e R

crank angle degrees, O=compression TDC

where Ty, andi,, are the temperature and inert gas frac-
tion, respectively, of the blowdown gas into the exhaust Fig. 4. Cylinder flow and other crankangle-resolved vagabl
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A comparison of regressed and experimental cycle- VIl. HCCI ComMBUSTION MODEL
averaged test values for the estimated flows is shown in
Fig. 5. Increasing rebreathing lift correlates with a large
value ofz,, but the sensitivity ofr, 10 u,;; decreases as \naffected by the combustion process and depends only on
the rebreathing lift actuator approaches its maximum valug, ;¢ the conditions at IVCi.. and AFR..
of 4 mm as shown also in Fig. 5. Rebreathing lift effectively ¢ ¢
throttles the flow through the “pump”-like cylinder.

Assuming complete and lean combustiapy (13) is

_ AFR, +1 . .
- pd = AFR, 11 (1 Zc) + 1 (13)
1.2]
S o ‘_.‘ﬂo.e--o-"*"°'°'°q'°"°"%-°" where AFR, is the stoichiometric air-to-fuel ratio.
ad EE e | Air-to-fue_l ratio from an exhaust gas oxygen sensor,
5o 75 20 23 --a.g‘o fls;s 4.0 AFREG’O: IS:
250 o = “
:E) "‘o: iAFREGO = (AFR; — AFRpco)
£ o at 1— iy £UFR (14)
z Q) AFRy, = — 2T 7 7%
15/ Ok.gp 12
10 o_,o“‘" _ EGO sensor time constant iszgo. This expression is
o w, equivalent to an algebraic rearrangement of the expression
%3 o G 50 EX; 40 55 for F. (i2 here) as a function of. (AF R, here) in [6].
et o8 A simplified combustion model provides the remaining
Fig. 5. Validation of predicted mean cylinder flows variables, exhaust blowdown temperatufB,;, and the

performance variabled- 450 as a function ofT;,. and

Residual gas fractiong, in the cylinder at IVC, as Pive: Th.e model colnsists of five sequential phases: .(i)
defined in the preceding paragraphs, is distinct from theolytropic compression that leads to start of combustion
inert gas fraction in the cylinder,., which is calculated (SOC) through autoignition &, (i) combustion duration
below, in (11). Residual gas fraction,, defines the effect that determines an effectivie: 450, preceding (i) simulated
of the mean value model states,and the rebreathing lift, [nStantaneous heat release, (iv) polytropic expansiod, an
u,41, ON the relative magnitudes of the mass flows, and (V) adiabatic blowdown that yield;,. These phases are
Wae, into the cylinder. Inert gas fraction in the cylindér, depicted in Fig. 6, where the actual (solid Ilne). and mod-
tracks the aggregate percentage of inert gases from thedled (dotted line) pressure and temperature trajectaries
two sources. shown.

VI. CONDITIONS AT INTAKE VALVE CLOSING (|VC) 4000 Actual(solid) and Model(dotted) Pressure and Temperature Traces.

g
We approximate cylinder pressure at IVC as a linears ™™

function of py:

e

Pressur
n
o
o
=

Dive = Bo + Bip1. 9) 1000,
The charge temperature at IVC is calculated as the mass- 35— = S T T T
weighted average of the temperatures of the flows contribut-
ing to the trapped mass..: 1600_ 6c
1400 f
Tivc = T1<]- - x'r‘) + Terx'r X 1500l /
[
pi?)c‘/ivc (10) 5 1000
Me = "pp s 2
RT’WC “g’_ 800 Phase 1 ase 2
Remaining conditions at intake valve closing that will be*~ Phase
. . 4 I L L L L L L )
required by the combustion model are: %0 10 100 50 o % o, i
9|vc esoc EVO
- lc . .
te = (1 o x’“) Wie + szl + Trler 1) Fig. 6. Actual (solid) and estimated (dotted) pressure amdpégature
. i traces in cylinder, from before IVC to after EVO. Calculataddel values
AFR. — (1 —i)Wic + (1 = der)Wae (12) are indicated with circles.
.=

Wy
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A. Phase 1. Intake Valve Closing to Start of Combustion A#, during which no heat release is modeled. As duration
Motivated by [9], [1], [17], the Arrhenius integral predict lengthens, a smaller proportior, of the released heat
the SOC timingfsoc: contributes to an effective mean temperatdig,during the
) combustion. After the combustion duration, instantaneous
AR(0s0c) =1 where AR(0) = [, RR(9)dY (15) heat release occurs at the combustion locatipnBoth of
n E, the parameterg ande have been optimized to match the
and RR(Y) = Ap; 09)6”’(_%) (16)  actual burn duration from 1% to 90%. Crank angle of 50%

where T, and p. are cylinder temperature and pressuret,)urr.]t fuel 1S calculated ac as0 = Osoc +.55A0. .
. . o . Sincee is a measure of the average temperature during
respectively, during compressior, is a scaling constant,

E, is the activation energy for the autoignition reaction an&ombustlon, a lower value of corresponds to a shorter

n indicates the reaction’s sensitivity to pressure. We deﬁncombustlon, which also corresponds to a higher value for

_ — _ . . e. The combinations of independently optimized values of
Vive(V) = Ve(ive) /Ve(V) With Ve(0) th_e cylinder vqlume k ande results in a single relation (19) for which the value
at crankangled, and assume polytropic compression fror%r ¢ is uniquely determined by the value far
IVC to SOC with coefficientn.. The Arrhenius integrand e — v+ aik (19)
is thus simplified oo

0 nen Eqvp,." () This yields a physically-based combustion duration model

RR(9) = Apjycvive (V)exp(= RoTone ) (17 \whose variations over the operating range can now be
and the coefficientsi, £, andn are selected usings,. = captured .W'th a single parametet, Optlmlzed va!ues ok

that precisely reproduce the combustion duration for each

Oc 401 With 0,,. defined by (15)-(17), the charge temper- . .
ature at SOC i<, — mcvgfg_l)(&oc)- The resulting set of test data are then parameterized as a functiég,af

predictions off,,. andT,. are shown in Fig. 7. k= by 4 b10soc + bab?, .. (20)

o Model Accuracy for Prediton o SOC The accuracy of these predictions can also be seen in Fig. 8.
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B. Phase 2: Combustion Duration Fig. 8. Plot showing the impact of the parameterized valuekfon the

We define HCCI combustion duratiakf as the crankan- burn duration for the fuel sweep data.
gle degrees between 1% and 90% fuel burnt. Heat release

S . : 9E° Phase 3: Instantaneous Heat Release
due to combustion is considered to occur instantaneously at

0. [4]: The charge temperature just before the combustion can be
0. = Os0c + AO calculated byT},. = vagjg*”(ec) and the corresponding
—2/3 1/3 E. ressure app. = pivcti.(6:). Assuming an instantaneous
where A0 =k (Toe)' . (Tm) P ea (3Rch> Felease of gll of tlr)le fuel’:(; h)eat, the chgrge temperature and
and Ton = Tsoc +e(1 — i) AT pressure after the combustion are given by:
flna"y AT = QLHV . Tac = Tbc + (]— - ZC)AT and Pac = pbcTac/Tbc (21)
c(l1+ AFR,) 18) D. Phase 4: Polytropic Expansion

_— . To account for the polytropic expansion with coefficient
Activation energy,E., represents an effective threshold at polytrop P

) ¢ ) . ne, a volume ratio analogous to;,.(9) is defined as
which the combustion reaction occurs and is assumed 756(19) — V,(9.)/V.(9) so that the charge temperature and
be 185 kJ/mol. The parameterrepresents an averaging ¢ 7~~~ "¢ ¢/ € g P

of the released thermal energy during combustion. Th%ressure atEVO s

parameterk relates to the effective combustion duration, T.,, = Tacvgnrﬂ(aew) and peyo = Pacty® (Bevo)-
(22) 129



E. Phase 5: Exhaust Blowdown validation of the integrated model is important because
After EVO, exhaust temperature leaving the cylinder cafl® temperature at the end of the combustion (product of
be considered as ne —1 the HCCI combustion model) affects the thermodynamic
B D2 state (pressure, temperature) of the next combustion event
Toa = TS”OE e+ Al (23) through the manifold filling dynamics (MFD model). The

due to the adiabatic expansion of the gas down to thhlgh dilution of this HCCI engine increases the significance

. gf this internal feedback that generally exists to a smaller
exhaust manifold pressuregg, offset by a constant tem- . . L X
. extent in conventional spark-ignition and compression-
perature difference)AT;q.

The model provides a minimal mathematical representzialgnition internal combustion engines.
tion of the physical combustion process as well as a basis 1€ orifice areasCyAoi, CaAzo, and Cadar (ueyr)are

function based for which the six parameters, F,, and i(:nallti):]atljet(i usmg:r?;biﬁgtf%(;?ii't'@g::mgl l;f:.t-rzgec:)enn;gzi
n from (17) andk, E. and e from (21) can be tuned to 9 'MPULS:trur, g !

fit all available data in the future. Thé,,. and 0c 450 commanded values from the tests.

oo are o 1 7.5 o, pedenons of . [T SeaEy tefovs e shown i 11 Ove o e
HCCI Combustion model are shown in Fig. 10. 9 ’ ™

deviation inWj;. The maximum error appears in the case
of the 11 mg/cycle. Predictions @f,. show good accuracy,

fuel sweep k=f(1,0, 02 ) e=f(1,k) fixed Arrh: 8 vs. fuel, mg/cycle

soc’" soc’

e with the 11 mg point showing the greatest overprediction,
%. 6 (model) H H
o5l & o o) o as shown in Fig. 12.
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Fig. 11. Actual and simulated flows for the integrated combustnodel
using ambient pressure of 101 KPa connected to both intakexdmalist

2
2
3

620 manifolds.

56 oo I Finally, consistent with reduced’y; for the 11mg/cycle
L KQ"’@D | e point shown in Fig. 11, the prediction ol FR at this

ot . E— operating point is lower, 19.5 versus 20 for the actual test
saof- . : data. This discrepancy iAF' R prediction is shown in Fig.

wl . 13. Also, the higher value faf;,. leads to a prediction of

earlierf,,. and performance variabl 450.

. . . . . . . . ,
500 520 540 560 580 600 620 640 660 680
Exhaust Runner Temperature (K)

IX. CONCLUSIONS

Fig. 10. Exhaust runner blowdown temperature predictioetas all five Wi t . | | del d validate it i
phases of the model from conditions at intake valve closing. € present a simpleé mean value model and validate 1t in

steady-state. Despite some discrepancies in the integrate
model steady-state predictions, the trends in flows, states
VIII. V ALIDATION conditions at IVC, and performance parameters are repro-
The HCCI engine model combines the manifold fillingduced. Specifically, the model captures:
dynamics of Sec. IV with the simplified combustion model « the intake and exhaust manifold flows and the effects
presented in Sec. VIl as shown in Fig. 3. Though the of the external and internal EGR
MFD and HCCI models were separately validated, the « the modulating effects of the actuatots,, andu,
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Model Conditions at IVC and T, Validation

490 x University of Michigan, and Paul Ronney of the University
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« the impact of the system state variables and actuators
on the performance variable, conventionf' R (inlet
mass air flow rate/fuel flow rate), the tailpipe measured
value, AF Rgco, and the actual in-cylinder air-fuel
ratio, AF R,

« the impact of the system state variables and actuators
on the performance variablg,,. and ¢ 450

The model includes three continuous manifold states, three
discrete cylinder states and one sensor lag. Though the
existing experimental setup did not allow validation of
transient behavior, the model can provide the basis for
dynamical analysis and feedback control design of the
HCCI engine.
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