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ABSTRACT

We propose a model-based control strategy to adapt
the injection settings according to the airpath dynamics
of a conventional Diesel engine. This approach com-
plements existing airpath and fuelpath controllers, and
aims at accurately controlling the middle of combustion.
For that purpose, start of injection is adjusted based on
a combustion model and intake manifold conditions. In
particular, no in-cylinder sensor is used. Simulation re-
sults are presented, which stress the relevance of the
approach.

INTRODUCTION

In a Diesel engine, the several phases preceding com-
bustion can be described according to the timeline de-
tailed in Figure 1. There are two main phases corre-
sponding to the airpath subsystem (which involves the
intake manifold, the intake throttle, the turbocharger, the
Exhaust Gas Recirculation (EGR), and the EGR valve)
and the fuelpath subsystem (which consists of the injec-
tors). As these subsystems are clearly independent of
each other and act at different times and with different
timescales, distinct controllers are usually considered.

Airpath controllers have long been proposed (see [1], [2]
and their references). They result in efficient tracking
of the intake manifold variables (reference total mass,
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Burned Gases Rate (BGR?), and temperature of the in-
take charge) even during transients. Usually, three main
actuators are employed (EGR valve, intake throttle and
turbocharger).

Classic fuelpath controllers can be described as follows.
During the cylinder compression phase, fuel is injected
and mixed with the compressed air and burned gas mix-
ture. The fuel vaporizes and auto-ignites after the so-
called ignition delay (see Figures 1 and 2). Standard
fuelpath control strategies focus on controlling injected
fuel mass and timing to meet the driver’s torque request.
These are usually computed by means of a map us-
ing as inputs the most influencing variables: the engine
speed and the driver’s torque demand.

This control structure is sufficient to provide a stable
Diesel combustion at steady state. On the other hand,
during transient, offsets of the cylinder initial conditions
(e.g. pressure, temperature, or composition) shift the
combustion phasing. Device ageing and/or clogging
(such as the EGR valve and EGR cooler) may also pro-
duce unexpected airpath regulation errors resulting in
similar combustion phasing shift. The discussed con-
ventional control strategy is in fact non-robust to airpath
errors.

INote that in this study, EGR is the system (pipe, valve, and cooler)
that permits to recirculate the burned gases, and BGR is the intake (or
in-cylinder) variable, ranging from O to 1, that represents the rate of
burned gases mass.
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In turn, these combustion phasing shifts have impacts
on the torque produced and pollutant formation. Fig-
ure 3 presents a combustion phasing variation obtained
on a four-cylinders Diesel engine, along with its effects
on pollutant, noise and torque production. The only pa-
rameter which varies during the presented experiment
is the injection timing (see Figure 3a). The BGR, in-
take manifold pressure and temperature, and injected
fuel mass are kept constant. These figures clearly show
that combustion phasing has a great influence on pollu-
tant, noise and torque production.

Our focus is on developing an improved method capable
of achieving the desired transients. To address the dis-
cussed issues, i.e. to circumvent changes in the cylinder
initial conditions, we propose to use the start of injec-
tion (soi) as an actuator to control the combustion phas-
ing during BGR, pressure and temperature transients.
This is the main contribution of this paper. A noticeable
point of our approach is that this control variable can be
used on all commercial line engines without requiring
any hardware upgrade.

In this paper, we assume that the soc can be modeled
by a Knock Integral Model (KIM) (see [3], [4] or [5]) and
that the Rate Of Heat Released (ROHR) during combus-
tion can be modeled by a Chmela’s model (see [6]). The
phasing of the combustion can be represented by a CA,
variable, which is the crankangle when y per cent of the
total energy contained in the fuel has been released. To
guarantee that the CA, occurs at a desired setpoint, we
update the soi according to a first order development of
the models.

The paper is organized as follows. First, we detail ex-
isting combustion control technologies that we wish to
complement and present our approach. After a presen-
tation of the models we base our study on, along with
the main physical assumptions underlying our work, we
formulate the control problem, and propose a solution at
first order. Simulation results are then reported and dis-
cussed. Conclusions are given at the end of the paper.

CURRENT COMBUSTION CONTROLLERS AND
PROPOSED IMPROVEMENT

A complete nomenclature of engine variables is given
in Table 2. In generally observed engine setups, air-
path and fuelpath controllers are used to guarantee
that engine variables (pressures, temperatures, and in-
jected fuel mass and timing among others) track ref-
erence values. These controllers are used in the con-
text of actual vehicle implementation which implies fre-
guent transients due to varying driver torque demands
(IM EP: Indicated Mean Effective Pressure) and engine
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Figure 1: Timeline of Diesel engine cycle with direct in-
jection
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Figure 2: Experimental results: in-cylinder pressure
and combustion heat released during one cycle (N, =
1500rpm, IMEP = 6bar): (@ filling the cylinder, @:
compression, 3): auto ignition, @: Combustion and ex-
pansion, ivc: intake valve closing, soc: start of combus-
tion. (360 corresponds to the Top Dead Center)

speed (NV.). In turn, these demands result in frequent
transients for reference airpath and fuelpath variables.
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Figure 3: Experimental results obtained on a four-cylinders Diesel Engine: influence of the combustion phasing on engine
pollutant, noise and torque production. The combustion phasings are obtained through off-line in-cylinder pressure
analysis. The pollutant magnitudes are obtained through exhaust gases analysis.

Table 1: Acronyms

ROHR ...t Rate of Heat Released
CAy o y% of Mass Fuel Burnt
SOC vttt Start Of Combustion
SO ottt Start Of Injection
IVC e Intake Valve Closing
EGR ........... Exhaust Gas Recirculation (system)
BGR .. Burned Gas Rate
KIM o Knock Integral Model
TDC Top Dead Center
VCR ...l Variation Compression Ratio
VVT o Variable Valve Timing

In closed loop, the airpath subsystem cannot be ren-
dered arbitrarily fast. The culprits are the turbocharger
inertia and recirculation hold-ups. On the other hand,
injection parameters can be changed from one cycle
to the next one. Neglecting fuelpath transients, classic
fuelpath controllers set injection parameters instanta-
neously to values corresponding to the targeted steady
states ((0soi,Minj) = f(IMEP,Ne)). This strategy
leads to large overshoots or undershoots of the combus-
tion phasing during transients (see [7] for more details)
which directly impacts the produced torque or pollutant

formation (see Figure 3).

POSSIBLE UPGRADES FROM THE LITERATURE
The phasing of the combustion is known to have a di-
rect impact on the produced torque and on the pollutant
formation. Controlling the combustion phasing (CA,)
appears as a natural answer to the exposed transient
problems. We now sketch an overview of the literature
on this subject.

In [8], Haraldsson et al. present closed-loop combustion
control using Variable Compression Ratio (VCR) as ac-
tuator. Changing the compression ratio directly impacts
on the rise of pressure and temperature in the cylinder
during compression, making differences in thermody-
namic conditions during auto ignition and combustion.
This is then used to control the CAs.

In [9], Olsson et al. present a dual-fuel solution. These
two fuels have different auto-ignition properties. Taking
advantage of this inequality, CA5, can be regulated by
changing the recipe of the mixture to be injected.

In [10], [11], and [12] the authors present Homoge-



neous Combustion Compression Ignition (HCCI) control
results based on a Variable Valve Timing (VVT) actua-
tion, which allows to trap hot exhaust gases in the cylin-
der from one cycle to the next. The charge temperature
can thus be modified. The whole combustion process is
then delayed or advanced.

Table 2: Nomenclature

Symb.  Engine Variables Unit
0 Crankshaft angle deg
V(0) Cylinder volume m3
P(9) Cylinder pressure Pa
T(0) Cylinder temperature K
X In-cylinder burned gas rate (BGR) -
) equivalence ratio -
Vive In-cylinder volume at ivc m3
Piye In-cylinder pressure at ivc Pa
Tive In-cylinder temperature at ivc K
Miye In-cylinder gases mass at ivc kg
Veyl Displaced volume m3
P Intake manifold pressure Pa
Tint Intake manifold temperature K
Osoi Crankshaft angle of the soc deg
Osoc Crankshaft angle of the soc deg
Dyer Fuel injection mass flow kg/s
Minj Injected fuel mass per stroke kg/str
My fuel mass already injected kg
(ranges from 0 to 1m,,;)
k turbulent kinetic energy J
Q Combustion Heat released J
Qrav Fuel low heating value J/kg
5 Ratio of specific heats -
h(X) Impact of the BGR on combustion -
Nwvol Volumetric efficiency -
IMEP Indicated Mean Effective Pressure  bar
N, Engine speed rpm

PROPOSED UPGRADE All the controllers presented
in the previous section use high frequency in-cylinder
sensors and/or additional actuators (VCR, dual-fuel sys-
tem, VVT). Such solutions provide accurate closed loop
control solution at the expense of costly hardware up-
grades (see [13]). Rather, to control the CA,, we pro-
pose a solution requiring only standard devices which
are available on all commercial-line engines. A main ad-
vantage of our method is that it does not require cylinder

pressure sensors.

Consider the fuelpath subsystem whose dynamic re-
sponse, as previously discussed, is inconsistent with
the dynamic response of the airpath subsystem. This
subsystem is controlled by the fuel injection. The in-
jected mass is used to produce a reference torque and
it cannot be changed without jeopardizing performance.
Therefore, only one degree of freedom of the fuelpath
remains as possible additional control variable. It is the
soi which is pictured in the combustion timeline in Fig-
ure 1.

In [14], Vigild et al. propose a soi adaptation to the in-
take manifold conditions based on look-up tables. This
strategy results in a much better HCCI combustion sta-
bility but requires a tedious calibration effort to construct
correction maps.

In [15], we presented a control strategy based on a feed
forward soicorrection. The controller aimed at keeping
the start of combustion at its reference value. This ap-
proach is extended to the control of any combustion tim-
ing variables.

In our approach, we propose to cascade the control of
the CA, onto the soi (6,,;) variable. This implies that,
instead of constant values corresponding to references,
0s0: has non-constant values during transients. Our con-
trol strategy is based on an ignition delay model and a
combustion model; thus, does not need any in-cylinder
sensors. It is in fact open loop. These models in-
volve physical parameters of the gases aspirated in the
combustion chamber (i.e. BGR, temperature, pressure,
air/fuel ratio, turbulence) and parameters of the fuel in-
jection (i.e. soi, injected fuel mass).

MODELING

Our control strategy aims at controlling the CA, with a
model-based feed forward controller. Thus, we need a
model of the processes taking place between the soiand
the desired CA,. These are the ignition delay and the
combustion.

The fuel injection does not directly initiate the combus-
tion (this is rather different from the spark advance tech-
nology in spark ignited engines). In fact, combustion
occurs after the ignition delay (defined as the lag be-
tween soi and soc). Physical and chemical processes
must take place before combustion starts. The physi-
cal processes are the vaporisation of the fuel followed
by its mixing with the air/burned-gases charge. Chem-
ical processes are the pre-combustion reactions which
do not release significant energy but lead to the auto ig-
nition of the fuel/air/burned gases mixture. This delay



depends on the physical conditions of the mixture (pres-
sure, temperature, composition, fuel/air ratio) (see [5]).

Combustion starts after ignition delay. The rate of heat
release (ROHR) also depends on the physical condi-
tions of the mixture such as the air/fuel ratio and on
other parameters such as available turbulent kinetic en-
ergy (see [16] or [6]).

In this section, we present both models along with the
assumptions made throughout the control strategy de-
velopment.

AUTO IGNITION MODELLING

The Knock Integral Model - Many models have been
proposed in the literature, depending on the engine,
the fuel and/or the working conditions. However, all
these models are expressed under the KIM originally
proposed in [4]. This model gives an implicit relation
among 6., 05, and the physical in-cylinder parameters
such as P(0), T(9), X, and equivalence ratio ¢ under
the following integral form

o A%(p(0)

0 = 1 1
Os0i Ne I ()

where A% is an Arrhenius function, and p(9) is a vec-
tor of in-cylinder physical properties. In [16], Barba et
al. adapted a phenomenological model for conventional
Diesel applications

p(0) = (P(6),7(6).9)
o = o (B0 o (F2)

where ¢i, ¢2, ¢3, Prey, and T4 are constant parameters.
In [3], Swan et al. use the following Arrhenius function

p(0) = (P(9),17(9),X,0)
ai _ (bl
A%P(9) = (C1 + CoX) exp(bP(6)"/T(0)) 3)

where z, Ci, Cy, b and n are constant parameters.
In [17], Lafossas et al. extend the KIM to large burned
gases rates. The proposed model is thus suitable for
HCCI combustion

WO = (POTO),X)
AO) = PO en (<) @

where A, C, n, and T4 are constant positive parameters.
Model 4 is used in the current study, but the proposed
control strategy can be used with the Models 2, 3 or any
other (smooth) function A%,

Relating the KIM to Available Measurements - The pro-
posed Model 1 is expressed in terms of in-cylinder
thermodynamics quantities (P(6), T'(¢), and X) which
are not directly measured on commercial line engines.
Therefore, we rewrite it in terms of different parame-
ters. To compute the in-cylinder pressure (P(6)) and in-
cylinder temperature (7'(9)) during compression, we as-
sume that a static relation holds. In particular, the trans-
formation is considered isentropic. Classically, during
this isentropic transformation, PV and TV"~! are both
constant. In these relations, V' represents the cylinder
volume, which is known as a function of the crankshaft
angle 6. This thermodynamic assumption (see e.g. [18])
is supported by the fact that, during the compression
stroke, gas temperature is much lower than during the
combustion stroke. In short, during the compression
stroke, wall heat losses are neglected.

We consider the ivc (intake valve closing) as initial time
for the isentropic transformation.These considerations
yield to

P(G) = Pivcvi'uc(g)’y (5)
T(e) = Tivcvivc(e)’y_l (6)
é V(ewc)

with  v;pe(0) 70
The cylinder pressure at ivcis assumed to equal the in-
take manifold pressure right before the ivc. This pres-
sure is measured. This assumption is supported by
the fact that the pressure equilibrium is reached at the
ivcbetween the intake manifold and the cylinder. The
cylinder temperature at ivcis reconstructed from the in-
take manifold temperature (measured) and the volumet-
ric efficiency (usually mapped through table look-up) via
the ideal gas law (in the following equation M, is the
trapped gas mass in the cylinder)

Pivc = Pint P o P

n = M. RTint ive  — int 7
vol we Pgntvcyl T — ‘/iuc Tint ( )

M;,. = Py Vi we Veyl Mvol

ive

Finally, in (1), X is assumed to be constant from the
ivcto the soc. This is not unrealistic, because there is
no chemical reaction taking place between ivcand soc.
Eventually, the burned gases rate X in the cylinder is
supposed equal to the intake manifold burned gases
rate obtained from an observer presented in [1].

One can notice that we do not take into account resid-
uals in-cylinder gases in the estimation of 7;,. and X.
Slight errors are thus made on the estimation of the real
in-cylinder conditions.

The model used throughout this paper is Model 4 which
do not depend on ¢. In the event this variability should
be considered, the assumptions made on X can be
transposed on ¢.



By substituting Equations (5) and (6) into (1), the auto
ignition model takes the form

Qsoc az )
ch(pwa 9) d9 — 1 (8)

Ne
with  pive 2 p(ive)
Al Pive, 0) = A (p(9))
Equation (8) summarizes the influence of the physical

parameters values at ivcon the start of combustion. In
particular, Equation (4) becomes

Pive = (Pium :rivca X)
A;'quc(pivm 0) =

_A

1+CX

asoi

Tx
. My, ny e
ch Uwc(e) eXp ( Evcvivc(g),yl)
In the current study, we make the classical assumption
that the engine speed N, is constant during the ignition
period (see Equation (8)).

HEAT RELEASE MODEL

Chmela’s model - The ROHR is modeled with a
Chmela’s combustion model originally proposed in [6].
This model takes into account the main phenomena in-
fluencing the rate of released heat, namely the available
fuel in the chamber (M) and the turbulent kinetic en-
ergy (k). This model has the following shape

VE®)
@ = C’mode(J\/[f(a) — Q )GCTMC YV (©0) h(X) (10)
de Qruv
where

e My is the fuel mass available for combustion (that
is the fuel already injected).

e k is the local turbulent kinetic energy.

e h(X) is an adaptation of the classical Chmela’s
model to take into account the presence of burned
gases in the cylinder. The proposed strategy does
not depend on the particular shape of h. The
presented results are obtained with the function
h(X) = (1-X)~.

e Crioder Crate @and § are constant calibration param-
eters of the model.

e QQryv is the low heating value of the considered
fuel.

In Direct injection Diesel engines, turbulent kinetic en-
ergy mainly arises from the fuel jets (see [6]). This en-
ergy dissipates into the cylinder with a time constant

(9)

Claiss- Finally, following [6], the turbulent kinetic energy
density k is governed by the equation.

dk o Cdiss Cd
- k+

D tuer(0)?
6N, " Ao, Drea®)

(11)

where

o D¢, is the fuel injection mass flow.

e M;,. is the in-cylinder gases mass (including fresh
air and burned gases).

e (4, Cyss are constant calibration parameter of the
model.

Towards an integral model - To design our control law,
we make the following assumptions on the fuel injected
mass flow

1. Assumption 1: the fuel injection is over when the
combustion begins. Define A;,; as the duration of
the injection. We have 6,,;, + Ajpn; < Osoc.

2. Assumption 2: the fuel injection mass flow depends
on the injected fuel mass (pattern of the flow mass)
and the start of injection (location of the pattern in
time). In particular, shifting the start of injection in
time only shifts the pattern without modifying it.

These assumptions are pictured in Figure 4. They lead
to consider Dy,; as a function D fye;(min;, 9‘13207?) Fur-

Df’u(f/

: } : }
1 2 P
9502’ 6501’ esoc esoc

time

Figure 4: Fuel injection flow mass pattern for two differ-
ent injection timing

ther, these assumptions permit to transform the ROHR
model under an integral form. First, we analytically de-
termine the turbulent kinetic energy density & as the so-
lution of the linear first order differential Equation (11)

Caeipp o ko(6
k(0) = Cqe oG Gsvﬂﬁ

(12)



where

0
2 — Ospi\g Cdiss(,_g. ) dz
ko(a) = /9 Dfuel(minj7 N )36 G%Ve ¢ esm)ﬁ (13)

As the ROHR model describes the combustion, we only
want to use it after the start of combustion. Follow-
ing the assumption 1, 0 > O,,c > 0Os0i + Ayyj in (13).
Secondly, following assumption 2, the integrand of the
Equation (13) vanishes outside [0,0i,050i + Ainj]. Fi-
nally, using the substitution © = z — 6,,; we obtain the
following expression for kg

C .
glz\?s (w) du

Ainj
ko(0) = ko = / D pyet(ming, u)’e (14)
0

This stress that ky solely depends on the shape of the
injection pattern Dy,.;. In particular it does not depend
on the start of injection or crankshaft angle.

Equation (10) presents a general heat release model.
Using the assumption 1, the fuel mass available during
combustion (My(6)) equals the injected fuel mass per
cycle (m,;). We denote « the burned fuel mass fraction.
Using the classical relation (see [5]) Q) = xmin;Qruv
we have

dl‘ Omode Crate 3 rO)

@ 1—2)e V@ h(X

do QLHV( @)e <)
dx Cmode 2O)

o e VYO (X)) db

l—2  Qruv

130 d CAy mode Crate 20
s / ‘ :/ de (X )e ™ VV@ df
0 -7z 0

1 Qruv

soc

Once y € [0,100] is chosen, the previous equation gives
an integral form of the Chmela’s model

CA,
g(y) = / C(minja X7 9301’7 Mivm e)da (15)
6

soc

where

C(minj7 X7 9501‘7 Mivw 9) =

C d Chrot \/k'(eveso‘i””injvlwivc)
mode py(x)e T Vo (16)
Qruv

()_/wo dv_ 100
TI=] 1-z~ "100_y

At the beginning of the modeling Section, a vector of in-
cylinder parameter has been introduced to gather all in-
cylinder thermodynamic variables of interest (see Equa-
tion (1)). Without any loss of generality, we include M;,,..
in this vector so that Equation (15) becomes

CA,
g(y) = / Civc(minjy Osoi» Pives 0)d9 (17)
6

soc

with

Civc(minj7 980i7 Pives 9) =

k(0,050 Mini Mive)
Chrate soirhingr Five
Crmode h(X)e t 0] (18)
Qruv

CONTROL PROBLEM

At steady state, all the pie = (Pives Tive, X, Miye) pa-
rameters are stabilized by the airpath controller to their
reference values (p,,.). Further, the injection timing 6.,
is directly set to its reference value (0,,;) by the fuel-
path controller. A reference combustion takes place.
All these reference parameters have been optimized to-
gether to reach driver's demands and pollutant restric-
tions.

During transient, due to the non instantaneous airpath
dynamic, dp £ piye — Pive 7 Ogrs . If fuel is injected at the
reference time 6,,;, then CA, differs from the reference
combustion one (because both A% _ and C;,. depend on
Pive). We propose to compensate any such known er-
ror op with a corrective offset §6,,; on the injection time
reference 0,; so that the actual CA, is always equal to

CA,.
SOLUTION AT FIRST ORDER

It might be difficult to find an explicit solution to the
control problem presented in the previous section when
considering models with an integral form (8),(17). A sim-
ple way to proceed is to look for an approximate solution.
We follow the procedure exposed in [7] to obtain two first
order equations, one for Equation (8), and one for Equa-
tion (17). We thus obtain from Equation (8)

asocéesoc + asoidesoi + ap(sp =0 (19)
with
Qsoc = _A;'l'tfc(ﬁivcagsoc)
Qsoi = A%c(ﬁivcagsoi)
soc 9 A0
ay, = ive (5. 0)df
! /9501- apivc ( )

and from Equation (17)
BcadCAy + Bsocd0soc + Bs0idbs0i + Bpdop =0 (20)
with
Bsoe = Cive(Divebsoc)

Bea = —Cive(Piye, CAy)
Osoc
soe acivc a —_
/Bsoi = / (mm j 5 esoiypivca 0)d9
[ aeSOi !

0
soe acivc —
Bp = /@ apivc (minj7 esoivpivm 0)d9

soi
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with an soi offset.

We want to make 6CAy vanish at all time. Eliminating
0050 in Equations (19) and (20) gives the desired cor-
rection 66,

_ Oésocﬁp + O‘pﬂsoc
asoi/Bsoc + asocﬁsoi

In practice, this correction is easily computable in real-
time, because A% _ and C;,. are known functions, p;,.
are the airpath setpoints values, ép are the airpath errors
(differences between measured or observed values and
their setpoints), f,.; is the reference soi, and 4,,. and

CA, can be calculated online using the KIM.

50,05 = dp (21)

SIMULATION RESULTS

SIMULATION SETUP The proposed strategy has
been validated on the simulation software AMESim [19].
The combustion model used in the simulator has been
validated for engine control purposes in [20]. Basically,
this simulation model is almost the same as the one
used to obtain the proposed controller. In fact, wall heat
losses are now taken into account. A Diesel engine is
considered. Its main characteristics are summarized in
Table 3.

CONTROLLER DESIGN  The general control scheme
is presented in Figure 5. It includes the strategy pro-
posed in this paper to control the CAy. This new strat-
egy is included in the dark-grey module “correction cal-
culation" which implements Equation (21). In this setup,
the start of injection 6,,; is not simply set to its reference
value 6,,; but is corrected according to the airpath errors
op. In this section, y has been chosen to be 50, i.e. the
proposed controller controls the middle of combustion.

Again, one can remark that this fuelpath strategy does

not need in-cylinder pressure sensors feedback.

RESULTS The results obtained with the proposed
controller are presented at the light of robustness of the
combustion phasing towards airpath error. More pre-
cisely, we look into the domain of admissible airpath er-
rors such that the CAy does no deviate from its refer-
ence value more than 1.5 crankangle degrees. In the
following of the paper, this domain is denoted by "ac-
ceptable domain". The larger the acceptable domain,
the more robust the combustion control towards airpath
errors is.

The domain of stability has the dimension of the vector
of considered airpath errors (p;..). However, it would be
a physical non sense to consider independent variations
of Py,¢, Ty @and M;,,.. These are in fact related through
the ideal gas relation. Eventually p;,. is a 4 dimensional,
vector depending on 3 independent parameters (P;,;,
:rintu and int)

Table 3: Engine setup used in the simulation

Bore x Stroke 87.0 x 92.0 mm
Number of cylinders 4

Compression ratio 14.0:1
Displacement 2.2 Liters
Injection device Solenoid
Maximum injection pressure | 1600 bar

Piston bowl design NADI™

Intake Valve Closing 0;ve = 232deg

(360 is Top Dead Center)
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Figure 6: Simulation results (1500rpm, IMEP=3 bar). Intake manifold variations around optimal values with and without
correction, impact on the CAj5y and the corresponding soi correction.

Table 4: Acceptable Domain

Without Corr. | With Corr.

0 P;ni(hPa) [-40,130] [-40,1500]
0Xine(-) [-2%,2%)] [-5%,5%]
0T (°) [-16,17] [-40,31]

Independently, and one by one, the three parameters
are varied. This procedure yields estimation of the size
of the admissible domain. Values are reported in Table 4
(e.g. for nominal values of X;,,, and T;,,, the pressure
P;,; can be changed within [-40, 1500] without causing
too large errors on the CA, by the mean of the proposed
methodology). More precisely, in Figure 6, the results of
variations around reference values of the intake mani-
fold conditions at (1500rpm, IMEP=3bar) are reported.
In each figure, the resulting error on the middle of com-
bustion phasing can be compared against the maximum
errors according to the criterion (horizontal black line).
The acceptable domain has been enlarged for the three
intake manifold thermodynamical conditions. In partic-
ular, the acceptable domains for intake manifold pres-
sure and temperature have been extended to the over-

all intake manifold pressure and temperature range of
the studied engine (approx. [1010 hPa,2500 hPa] and
[20°C,100°C]). The overall BGR domain of the stud-
ied Diesel engine is [0,18%]. At this working point, the
proposed controller makes the engine controller robust
towards intake manifold temperature and pressure er-
rors and considerably extends the domain of acceptable
BGR error.

In Figures 7, 8, 9, 10, and 11, we present results ob-
tained for a more global working range of the engine.
At each engine speed 800 (Figure 7), 1000 (Figure 8),
1500 (Figure 9), 2000 (Figure 10), and 2500 (Figure 11),
we present the acceptable domain for each intake ma-
nifold thermodynamical conditions. In these figures, the
black line represents the reference value of the consid-
ered intake parameter. The red interval and the blue in-
terval picture the acceptable domain (as previously de-
fined) without and with the proposed controller, respec-
tively. In these figures, it clearly appears that the do-
mains of acceptable intake manifold pressure and tem-
perature are considerably enlarged on the entire oper-
ating range. Robustness towards these conditions has
thus been improved. Yet, two zones in the BGR vari-
ations figures are worth mentioning. At low load, the



acceptable BGR domain is extended by the proposed
control. At higher load, the soi correction has the op-
posite influence. The acceptable domain is smaller than
without the correction. We now give an insight into this
phenomena.

At low load, little fuel mass is injected into the cylinder
so that the injection time (A;,;) is small enough to con-
sider the assumption 1 as valid. As the load increases,
the injected fuel mass increases and the assumption is
not valid any more. In particular, the expression (14)
of ko becomes inaccurate. This has a great impacts on
the computed correction (Equation 21). This is particu-
larly visible on the BGR results. In fact, while pressure
and temperature errors have an inverse influence on ig-
nition delay and on combustion (for instance, when the
pressure is increased, the ignition delay is shortened
but the aspirated air mass and then the turbulence is
decreased, which in turn slows down the combustion),
BGR error has the same impact on ignition delay and on
combustion (for instance, it slows down both phenom-
ena when BGR is too high). This is why the inaccuracy
of (14) is underlined when the BGR varies significantly.

CONCLUSION AND FUTURE WORK

An improvement for the fuelpath control strategy of
Diesel engine has been presented. Instead of directly
setting soi to its reference value, we propose to adapt
the fuel injection settings according to the intake mani-
fold conditions. This controller is based on the lineariza-
tion of an auto ignition delay model (KIM) and a com-
bustion model. The advantages of the proposed method
are

e The soi correction is computed from a physical
model and does not need any additional calibration.
The only calibration is the one of the physical mod-
els.

e The soi correction is computed using standard
engine measurements and does not require in-
cylinder pressure sensors.

The presented simulation results stress the relevance of
this approach and are very encouraging. The correction
permits to increase the robustness of the overall control
system to airpath regulation errors. One can expect that
this system would easily handle EGR valve clogging or
regulation errors, which would usually yield some mali-
cious combustion phasing shift. Some issues related to
the implementation of the computations and their possi-
ble speed-up remain to be explored. This is the subject
of actual research.

This method is very general and can be applied to a
very large scope of engine architectures. In particular,
it is completely independent of the airpath architecture
(low and/or high pressure EGR, one or two turbocharg-
ers can be considered without loss of generality).
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