Practical delay modeling of externally
recirculated burned gas fraction for
Spark-Ignited engines

Delphine Bresch-Pietri, Thomas Leroy, Jonathan ChauvihNinolas Petit

Abstract In this chapter, the authors provide an overview and studtheflow-
pressure burned gas recirculation in spark-ignited esgioe automotive power-
train. It is shown, at the light of supportive experimengsgults, that a linear delay
system permits to capture the dominant effects of the sydigramics. The mod-
eled transport delay is defined by implicit equations stemgnfiiom first principles
and can be calculated online. This model is shown to be serffilyi accurate to
replace a sensor that would be difficult and costly to implene& commercial en-
gines.

1 Introduction

In this chapter, the authors focus on an application prolieime area of automotive
powertrain control . Indeed, in the past decades, the stilenstringent norms on
fuel consumption and pollutant emissions for automotivgirees have substantially
increased the architecture of thermal engines and, coaadguthe complexity of
the control task. In this context, the treatment of timeagledystems constitutes an
important design consideration, as delays are an ofteruate@®d phenomenon in
powertrain systems, as highlighted by numerous studies [9]

Delphine Bresch-Pietri
Department of Mechanical Engineering, Massachussetts Instifufechnology, 77 Massachus-
setts Avenue, Cambridge MA 02139, USA e-maipemit . edu

Thomas Leroy and Jonathan Chauvin

IFP Energies nouvelles,d&partement Conble, Signal et Sysime, 1 et 4 avenue du Boiséw,
92852 Rueil-Malmaison, France e-mailiomas.leroy@ifpen.fr, jonathan.chauvin@ifpen.
fr

Nicolas Petit
MINES Paristech, Centre Automatique et ®yses, Unié Matrématiques et Sysines, 60 Bd
St-Michel, 75272 Paris, Cedex 06 France e-maitolas.petit@mines-paristech.fr

375



376 D. Bresch-Pietri, T. Leroy, J. Chauvin and N. Petit

®

N

Intercooler

Heat
Exchanger

Fig. 1 Scheme of a turbocharged Sl engine equipped with directiiojgd/VT and a low-pressure
EGR loop.

In this chapter, the particular application under consitlen is exhaust gas recir-
culation (EGR) through a low-pressure (LP) circuit for a &plgnited (SI) engine.
It is shown in this chapter that this technology introducetgaificant delay trans-
port which should be taken into account to accurately eséraad control the (dis-
tributed) composition of the gas inside the intake line.defdetailing this point, a
few elements of context are given to motivate the use of EGR.

1.1 Why exhaust gas recirculation ?

One of the main issues when dealing with downstz8dengine is the prevention of
the malicious knock phenomenon. This unwanted self-ignitf the gaseous mix-
ture which appears at high load, due to high resulting thesmamical conditions,
may cause the engine to stall and eventually damage the ctimibehamber.

One of the solutions considered in the automotive industrigandle this phe-
nomenon consists in using EGR through a low-pressure tif@ui8]. In such a
configuration, exhaust burned gas are picked up downstrédimecacatalyst and
reintroduced upstream of the compressor. A typical implaaten is represented
in Fig. 1. Indeed, the addition of exhaust gas into the gasdbend leads to an
increase of the auto-ignition delay: intermixing the indogair with recirculated
exhaust gas dilutes the mixture with inert gas, increasespiecific heat capacity
and, consequently, lowers the peak combustion temperdthes, the net effect of

1 Downsizing consists in the reduction of the engine size to opamatmore efficient points. To
provide similar performances to much larger engines, these engneeusually equipped with a
turbocharger and direct injection devices. This technology appeared in the last decade as a
major solution to reduce fuel consumption [14].
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EGR is a prevention of knock which leads to potential sulighimprovements of
overall combustion efficiency [6].

1.2 Necessity of a virtual composition sensor

Yet, EGR has some downsides. During tip-outs (defined asnaiénat mode dur-
ing which the torque demand is suddenly decreased), themreof burned gases
in the intake manifold and later in the combustion chambeossly impacts the
combustion process and may cause the engine to stall. FUEB& has strong in-
teractions with simultaneously operating engine corgrslsuch as the regulation
of Fuel-to-Air Ratio (FAR) to stoichiometry (see [9]) or tepark advance. Indeed,
EGR impacts the fresh air quantity which is aspirated ingigecylinder at each
stroke. Therefore, to counteract the impact of intake baignees, a solution would
be to modify the feedforward action on the cascaded coet(fuelpath controller
and ignition path controller) based on a real-time estintadé the intake burned
gas rate. Nevertheless, no real-time sensor of this varial@mbedded in any real-
world vehicle and obtaining such an estimate is not an eagy Tdne approach that
we advocate here is to substitute one such sensor with a fnodel

For the considered low-pressure gas recirculation cirthét amount of reintro-
duced burned gases is controlled by the EGR Valve, an actudtich is located
upstream of the compressor. Consequently, the relativg ditsstance between the
compressor and the inlet manifold leads to a large transietay (up to several sec-
onds depending on the engine specifications). Most imptbytdiis delay depends
on the gas flow rate and therefore is time-varying to a largentx

1.3 Comparison with Diesel EGR

In the seemingly similar context of automotive Diesel eeginnumerous solutions
for the discussed control issues have been developed inghddcades (see for ex-
ample [1,21, 23] and the references therein). Yet, noneesfdistrategies includes a
transport delay model, which as has been discussed is rgigiibée for S| engines.
Indeed, on top of using a low-pressure EGR circuit configomafwhich substan-
tially increases the transport lag compared to high-pressanfiguration studied
in [12,20]), Sl engines combustion constraints signifiaintcrease the scale of the
delay: (i) first, SI engines operations require a stoichimimé&AR, which results
into a fraction of burned gas close to one in the exhaust @uasequently, to ob-
tain a given intake fraction of burned gas, the amount of eghburned gas to be

2 Other works (see [5]) investigate the potential of using a dgirpressure sensor signal. Yet, due
to stringent cost constraints, such a sensor is not currently conattgemnbedded.

3 The use of EGR for Diesel engines has been widely investigated ftifferent purpose, to
decrease the emissions of nitrogenous oxides emissions.
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reintroduced at steady state is substantially lower thanctirresponding one for
Diesel engines; (ii) besides, on the contrary of Diesel eeg)i S| engines may oper-
ate at intake pressure under atmospheric values (low lo@ksj, on this operating
range, the steady-state gas flow rates are considerabliyripsstant.

For these reasons, modeling this transport delay is a milesh the design of
controllers for Sl engines.

In this chapter, a model of the intake burned gas rate is ptedgaccounting
explicitly for transport time-varying delay and its dependy on the history of gas
flow rates in a way which compensates for thermal exchanggsanced gas ve-
locity changes. It is then used as a “software” sensor. T$tisnation is based on
a practical delay calculation methodology which is experitally validated on a
test bench. The purpose of this chapter, based on the peewimiribution [4], is to
present this model along with its practical validation, nv@nce the role of the vari-
able transport delay in the modeling and to illustrate how ¢istimate can be used
to coordinate the controllers. Experimental FAR contretgestress the relevance of
the estimate.

This chapter is organized as follows. In Section 2, we preaemodel of the
intake burned gas rate dynamics, under the form of a lineae-tiarying system
with a time-dependent delay output. The practical usagkisfhodel is discussed.
Implementation and experimental results are provided @ti@e3. We conclude by
briefly sketching potential directions of work for combuasticontrol improvements.

2 Modeling

Consider the airpath of a turbocharged Sl engine equippéd wiake throttle,
wastegate, dual independent VVT actuators and a low-pressdernal gas recir-
culation (EGR) loop as depicted in Fig. 1. Such a setup isllysoansidered for
downsized engines (see [10]). Acronyms and notations uskesviare listed in Ta-
ble 1.

Formally, the in-cylinder burned gas fractisgy, is defined as the ratio between
the in-cylinder burned gas mass originated from the EGR lmgpand the total
mass of gas in the cylinder volumesp = Majr 4+ Myg in whichmy; is the aspirated
mass of fresh air, i.e.

Myg

X i+ Mog

From now on, this variable is considered equat the intake burned gas fractidn

4 Actually, this relation depends mainly on the VVT control sgy. We neglect this influence
here for sake of clarity.
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2.1 Dilution Dynamics and transport delay

Definingx, as the burned gas rate upstream of the compressor, the EGiRiahm
can be expressed in terms of the mass flow rates @ irand recirculated burned
gasDegr as

%ip =0 [ (Degr(t) + Dair (t))Xip(t) + Degr(t)] 1)
X(t) =xp(t—1(t)) 2

wheret(t), the delay between this ratio and the intake compositiom beaimplic-
itly defined according to the integral equation (Plug-Flosgumption for the gas
composition along the intake line, see [16])

/t Vgas(S)ds=Lp 3)
t

—T1(t)

whereLp is the pipe length from the compressor down to the intake folahand
Vgas Stands for the gas velocity.

EGR Burned Gas

\ iClp Delay transport X
Dilution (1) > (2)-(3) —
/ (thermal contraction)
Fresh Air @

Fig. 2 Scheme of the intake burned gas fraction dynamics.

Equation (1) is a balance equation on the volume downstrédhe &GR valve,
using the fact that the EGR circuit is totally filled with bexhgas. Depending on
engine setups, the thermodynamics constaappearing in (1) is either measured
or known.

The integral delay model (3) is representative of a widesatdisystems involving
transport phenomena [2,17,22]. This delay can be undetst®a propagation time
for a variable velocitygas In particular, one can observe that at steady-state this
delay is inversely proportional to the gas speed, which ieermtuitive modeling
one can think of. Alternatively, PDE models can be used toesgmt more accu-
rately the induced transport dynamics. However, the indwcenputational burden
discard them from real-time implementation.

In a nutshell, following the proposed model, which is pietdim Fig. 2, the intake
burned gas fraction is the result of a first order dynamicptEmiwith a transport
delay.

5 For Sl engines, the FAR is regulated to its stoichiometric vésee [7]), which results into an
exhaust burned gas fraction close to unity.
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For sake of clarity, the approach used to model the mass fl®vqaantities
(Degr,...) used through (1)-(3) is not detailed here and givenppéndix. Using the
approach presented in Appendix, one can now assume thaatbégnown quan-
tities. To provide an implementable open-loop estimate bhsed on the model
(2)-(3), a practical calculation methodology of the delgyusing only real-time
measurements, remains to be developed. This point is novessktl.

2.2 Transport delay description

Equation (3) implicitly determines the delay accordingte ¢jas speed along the in-
take line, which, on top of being a distributed parametaerptameasured in practice.
Further, the thermodynamical transformations the gashsgted to in the intake
line modify this distributed velocity. This complexity cae handled by a relatively
fair delay description.

Indeed, using the ideal gas law (as is classically done fginengas flows, e.qg.
in [7]), one can relate this speed to current thermodyndneimaditions and mass
flow rates, which are measured/modeled. Namely,

1 rT(t)
vt > 07 Vgas(t) - S(t) P(t) [Da”' (t) + Degr(t)]
whereSis the current pipe ared, P are the current temperature and pressure values,
r is, as previously, the (common) ideal gas constant of beshfair and burned gas.
In practice, the total mass flow rate which appears undemntegial is estimated as
Dair (S) + Degr(S) = Dqc(s) (@ model of the mass flow raf@y. is provided in (7) in
Appendix).

A thermal contraction of the gas occurs inside the intakderpoesulting in
spatial changes of the gas velocigas To model this, we split the intake line into
three main sections with three respective and cumulatiresport delays;, 12 and
13 such thatr = 11 + 12 + 13. This decomposition, pictured in Fig. 3, is as follows:

e downstream of the compressor to the intercoolar this part, the current pres-
sure and the temperature are measured and one can write

t
[ BEDs(sds=vs @
t-u(t) Pde
with V; the corresponding volume.

e inside the intercoolerconsidering boundary conditions, the pressure inside the
intercooler can reasonably be assumed as constant andethainput ondyc.
Further, we assume that the spatial profile of the inside ézatpre is affine with
respect to the spatial variable, with measured boundarglitons Tyc and Ti®.
Under this assumption, equation (3) can be reformulatedhisrsection as

6ie.T(x) = L"‘L’ZT"CXJerC
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Fig. 3 The intake line is split into three parts to account for the igpdifferences of the gas
velocity. The temperature decreases, which results into aeaserof velocity which is analytically
determined by the ideal gas low fed with measurements from temoperand pressure sensors
located along the line.

) L dx V2 Tin
L Dae(s)ds=S / _ In () 5
/t To(t)—T1(t) Pic dc Tint —Tdc Tdc ( )
wherel,, S andV;, are the corresponding length, area and volume.

e downstream of the intercooler to the intake manifaidthis section, the temper-
ature can be approximated by the intake manifold temperatuich yields

t—To(t)— Ty () .
/ e Tint 5, (s)ds= Vs ©)
t

~13(t)-1(t)-1a(t) Pac
with V3 the corresponding volume.

Knowing intermediate volume¥;,V, andVs, one can calculate the delay in a
very straightforward manner, solving, one after the otf, (5) and finally (6).
The transport delay is then simply deduced &3 = 11(t) + 72(t) + 13(t).

The involved numerical solving is based on the observatianthe integrand is
strictly positive and that the integral is then an incregdimction of the delayr;
(i€ {1,2,3}) appearing in its lower bound. Then, by simply sampling aradueating
the integral at increasing values pfstarting from 0, one can obtain a numerical
evaluation of the corresponding delay. All these calcatatiare on-line compliaht

7 This approach is directly inspired of [17] for modeling plugafloin networks of pipes problem.
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2.3 Estimation strategy with practical identification procece

An estimation strategy of the model above is summarized gn&=iReal-time mea-
surements of temperatures and pressures serve to detehminalue of the delay.
These information are commonly available using (cheap)egldéd sensors. Values
for physical volumes\{,, V1, V> andV3) can be used to calibrate the model.

RESOLUTION
OF (4)

ﬁ
v |

OF (5)

RESOLUTION

OF (6)
e
+

41\7

Temperatures
.

RESOLUTION

I
Pressures I

Fig. 4 Scheme of the proposed delay calculation strategy for intakeeldugas fraction estimate
X. The numerical solving of implicit integral equations (4)-&n be obtained by sampling and
calculating the integrals at increasing valuegjoftarting from 0, which are real-time compliant
calculations.

It is worth noticing that splitting the intake line as has h@eoposed in the pre-
vious section has been motivated mainly by the engine endukbidtrumentation
and in particular by the availability of temperature (andgsure) sensors. It can
be easily adapted to any considered engine. In partictilag, iemperature and no
pressure sensors are available downstream of the comprinesocan be efficiently
approximated by the intake ones at the expense of slighttepdsd the volumes
values in the fit. Indeed, the two pressures are sufficieiftlyecand these equations
are of moderate temperature sensitivity. In such a casejdlay can be directly
determined by one equation of type (4).

3 Experimental results

The proposed model is how used as a “software” sensor. Tlanelot estimate is
embedded into a real-time control target and employed &b&sch. The exper-
iments aim at validating the model presented in Sectionntd a particular the
delay modeling.
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3.1 Experimental setup and indirect validation methodolofyjgm
FAR measurements

The engine under consideration is &lLfour cylinder Sl engine with direct injec-
tion (see [13] for details). The airpath consists of a tuHawger controller with a
wastegate, an intake throttle, an intercooler and a LP-E§®R.|This engine setup
is consistent with the scheme reported in Fig. 1.

To validate the proposed estimation strategynaseal-time information of the
intake burned gas fraction is availabfer this engine, we focus on the open-loop
response of the normalized FAR. This quantity is formallfirded in terms of the
fuel and fresh air mass aspirated inside the cylinder at &tacke asp = 1 2;” It
has to be regulated to the unity to maximize the efﬂmenc;ftefareatment devices.
Usually, this control is realized with the injection p&tlising the measurements of
a dedicated sensor located downstream of the turbine (Lar8bdsor).

Here, the FAR is simply controlled by a feedforward strategyhe mass of fuel
injected in the cylinder, namely

Minj = FARstMyjr

The additional feedback term that is usually used is pulgasuitted.

When no burned gas is recirculated, the in-cylinder air massccurately es-
timated with the model presented in Appendix (see [15]),mg = masp. When
burned gas are reintroduced, one can formally wrnitg = Masp— Myg = Masp(1—X)
and, consequently, estimate the in-cylinder air massiag(1 — X) wherexis the
intake burned gas fraction estimate provided by the praposzdel.

With this setup, it is possibleo qualitatively relate the FAR variations to the
intake burned gas fractionndeed, if the estimation is accurate, the normalized
FAR remains close to unity and, in turn, one then obtains divént validation of
the intake burned gas rate estimation. Any offset reveateadg-state estimation
error while any temporary undershoot (or overshoot) revaahis-estimation of the
delay.

3.2 First validation : variation of the amount of reintrodued EGR
(constant delay)

The first scenario under consideration here is a variatidhe@fmount of reintro-
duced burned gas for a given operating point : constant ergpeed\, = 2000
rpm for a requested torque of Bbar. This scenario is of particular interest for
validation as the intake mixture composition is the onlyyirzg variable.

8 the airpath being then dedicated to meet torque requests.
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Fig.5(c) pictures the intake burned gas fraction estimetesesponding to the
EGR valve variations pictured in (a). The correspondingyé constant and sim-
ply not reported.

With burned gas feedforward correction, i.e. consideringmair = (1 — X)Masp
The corresponding normalized FAR evolution is picturedlach, in Fig.5(b). One
can easily observe that the normalized FAR remains satiisfioclose to the unity.
This behavior reveals a good fit between the real intake rolahifurned gas rate
and the estimate one provided in Fig.5(c).

For sake of comparisons, the FAR response with a burned getsofin estimate
computed neglecting the delay is also provided (red dottedes). Neglecting the
delay leads to a transient overestimation of the burned gadidn and, conse-
guently, to a significant FAR undershoot. This stressesrtipoitance of the delay
into the burned gas rate dynamics and the relevance of tipeed model.

Without burned gas correction, i.e. consideringmair = Masp
In that case, as the in-cylinder mass air is overestimatedinjected mass of fuel
turns to be too large. This results into a deviation of themadized FAR up to
1.09 (blue dotted curve in Fig.5). A feedback control woulds@ably eliminate
this offset, but, as the obtained FAR measurement is delgsgs[3, 11] for a FAR
dynamics details), an important overshoot would still bespnt.

3.3 Second validation : torque transients (varying delay)

The second scenario under consideration is a torque transguested by the
driver, a step from 6 bar to 12 bar. This tip-in is a typical driving situation case
study, which defines an increase in the in-cylinder air masgpsint and conse-
guently on the total gas flow rate. Then, both dilution dyren{il) and the delay
are varying.

Further, this also implies a variation of the requested arhof reintroduced
burned gas, as the initial operating point is low loaded aoelschot require any
EGR. Without dedicated control structure, we simply coesitere the EGR valve
position either fully closed or fully opened. Its variatgare pictured in Fig. 6(c).

The corresponding calculated delay is given in Fig. 6(d)thestotal mass flow
rate increases during the transient, the delay decreasezpacted.

Finally, as in the previous scenario, the FAR remains closthé unity. This
validates the burned gas fraction estimate variationsctiesgin Fig. 6(b).

4 Conclusion and perspectives

In this chapter, it has been shown that low-pressure burasdegirculation for Si
engines can be accurately represented as a first order igaamics with a time-
varying delay. The value of the delay is determined by anicitphtegral relation
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response pictured in (a) uses the intake burned gas fraction estimation pictured in (b), obtained
with the on-line estimation of the delay (d).

in which data from commonly available sensors (temperatures, pressures) come into
play through the ideal gas law. Experiments conducted at test bench validate both
this model and the proposed delay calculation methodology and highlight the key
rule played by the delay in the overall dynamics.

This result opens new perspectives in term of engine control applications : coor-
dination of low-level controllers, advanced feedforward compensation (FAR, Spark
Advance),... Yet, because the delay is varying, new techniques are required, espe-
cially if one wishes to take advantage of the known source of delay variability.

In particular, the input-dependency of the delay brings new challenges in term
of control. As mentioned in [19], while a few number of works have investigated
open-loop tracking for input-dependent delay systems, closed-loop control is still
an open problem.

Appendix : Flow rates model

In-cylinder and downstream compressor mass flow rates

We use the model of in-cylinder gas mass presented in [15] to define mass flow
rates. In this modelDasp is represented as a function of the engine spégdhe
manifold pressurd@,; and the intake and exhaust VVT actuators positions. Using
the ideal gas law, this flow rate is dynamically related to the flow rates through the
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throttle and downstream of the compressor as

Vint - Ve
Dthr :Dasp(Nea PmtaVVT) + I7m|:’|nt 5 Ddc = Dthr + 7Pdc (7)
ITint MMyc
wherer = rajr = rpg is the (common) ideal gas constant. The variables used $ethe
two last equations are either known or measured.

EGR mass flow rateAssuming that an intake mass air flow sensor is available
on the engine, only the mass flow rdigy, remains to be expressed. Neglecting
the mis-synchronization of the flows signals, we simply &iivith a projection
operator forcing the flow rate to be zero when the valve isatdds

Degr(t) =Projg,_, {Dac(t) — Dair (t)}

Table 1 Nomenclature

[Notations | |
Symbol Unit Description Symbol Unit Description
Dair kg/s Air mass flow rate up- |Vp m®  Pipe volume from the compressor
stream of the compressor to the intake manifold
Degr kg/s EGR mass flow rate r J/kg/K Specific ideal gas constant
through the EGR valve [Lp m  Pipe length from the compressor
Dgc kg/s Mass flow rate down- to the intake manifold
stream of the compressofeg, % EGR Valve Position
Dasp kg/s In -cylinder mass My mg/str In-cylinder air mass
flow rate Myg mg/str In-cylinder burned gas mass
Vgas m/s Gas speed Masp  Mg/str In-cylinder total gas mass
Tac K Temperature downstreafmmy; mg/str Injected mass of fuel
of the compressor FARst - Stoichiometric FAR
Pyc Pa Pressure downstream |[x - Intake burned gas fraction
of the compressor Xip - Burned gas fraction up-
Tatm K Atmospheric temperatu stream of the compressor
Patm Pa Atmospheric pressure |Xgy - In-cylinder burned gas fraction
Vip m3 Volume between the EGR
valve and the compresspr
[Acronyms |
EGR e Exhaust Gas Recirculation
FAR Fuel-to-Air Rati
IMEP . Indicated Mean Effective Pressuire
Sl Spark Ignited
References

1. M. Ammann, N. P. Fekete, L. Guzzella, and A. H. Glattfelderoddl-based control of the
VGT and EGR in a turbocharged common-rail Diesel engine: thand/passenger car im-
plementation SAE transactionsl12(3):527-538, 2003.

2. D. Bresch-Pietri.Robust control of variable time-delay systems. Theoreticalritmrions
and applications to engine contrdPhD thesis, MINES ParisTech, 2012.



388 D. Bresch-Pietri, T. Leroy, J. Chauvin and N. Petit

3. D. Bresch-Pietri, J. Chauvin, and N. Petit. Adaptive backstepping controller for uncertain
systems with unknown input time-delay. application to Sl engineBrde. of the Conference
on Decision and Control, 2010.

4. D. Bresch-Pietri, T. Leroy, J. Chauvin, and N. Petit. Practical delay modeling of externally re-
circulated burned gas fraction for Spark-Ignited engine®rbe. of the 11th IFAC Workshop
on Time-Delay Systems, 2013.

5. M. A.R. Caicedo, E. Witrant, O. Sename, P. Higelin, et al. A high gain observer for enclosed
mass estimation in a spark ignited engine. Pimoceedings of the 2012 American Control
Conference, 2012.

6. A. Cairns and H. Blaxill The effects of combined internal and external gas recirculation on
gasoline controlled auto-ignition. IRroc. of the Society of Automotive Engineering World
Congress, number 2005-01-0133, 2005

7. J. B. HeywoodInternal combustion engine fundamentals. McGraw-Hill New York, 1988.

8. B. Hoepke, S. Jannsen, E. Kasseris, and W. K. Cheng. EGR effects on boosted S| engine
operation and knock integral correlatioSAE International Journal of Engines, 5(2):547—
559, 2012.

9. M. Jankovic and I. Kolmanovsky. Developments in control of time-delay systems for auto-
motive powertrain applications. IDelay Differential Equations, recent advances and new
directions, Balachandran, B. and Kalmar-Nagy, T. and Gilsinn D. E., pages 55-92. Springer
Science, 2009.

10. U. Kiencke and L. NielserAutomotive control systems. Springer-Verlag, Berlin, 2000.

11. J. Lauber, T. M. Guerra, and M. Dambrine. Air-fuel ratio control in a gasoline enlyites-
national Journal of Systems Science, 42(2):277-286, 2011.

12. J. Lauber, T. M. Guerra, and W. Perruquetti. IC engine: tracking control for an inlet manifold
with EGR. SAE Transactions Journal of Passenger Cars electronic and electrical systems,
20:913-917, 2002.

13. G. Le Solliec, F. Le Berr, G. Colin, G. Corde, and Y. Chamaillard. Engine control of a
downsized spark ignited engine : from simulation to vehicleRfoc. of ECOSM Conference,
2006.

14. B. Lecointe and G. Monnier. Downsizing a gasoline engine using turbocharging with direct
injection. InProc. of the Society of Automotive Engineering World Congress, number 2003-
03-0542, 2003

15. T. Leroy, J. Chauvin, F. Le Berr, A. Duparchy, and G. Alix. Modeling fresh air charge and
residual gas fraction on a dual independant variable valve timing S| erf§iieInternational
Journal of Engines, 1(1):627-635, 2009.

16. R. H. Perry, D. W. Green, and J. O. Malonderry’s chemical engineers’ handbook, vol-
ume 7. McGraw-Hill New York, 1984.

17. N. Petit, Y. Creff, and P. Rouchon. Motion planning for two classes of nonlinear systems with
delays depending on the control. Broceedings of the 37th IEEE Conference on Decision
and Control, pages 1007-1011, 1998.

18. S. Potteau, P. Lutz, S. Leroux, S. Moroz, et al. Cooled EGR for a turbo Sl engine to reduce
knocking and fuel consumption. BAE Technical Paper, pages 01-3978, 2007.

19. J.-P. Richard Time-delay systems; an overview of some recent advances and open problems.
In Automatica, 39:1667-1694, 2003.

20. A. Stotsky and I. Kolmanovsky. Application of input estimation techniques to charge esti-
mation and control in automotive engin&ontrol Engineering Practice, 10(12):1371-1383,
2002.

21. M. J. Van Nieuwstadt, I. V. Kolmanovsky, P. E. Moraal, A. Stefanopoulou, and M. Jankovic.
EGR-VGT control schemes: experimental comparison for a high-speed diesel eyl
Systems Magazine, IEEE, 20(3):63-79, 2000.

22. K. Zenger and A. J. Niemi. Modelling and control of a class of time-varying continuous flow
processeslournal of Process Control, 19(9):1511-1518, 2009.

23. M. Zheng, G. T. Reader, and J. G. Hawley. Diesel engine exhaust gas recirculation—a review
on advanced and novel concefEsergy Conversion and Management, 45(6):883-900, 2004.



