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RESUME

Nous étudions la production de couple et de polluants de moteurs a combustion
interne a distribution variable d’un type fréquemment répandu dans 'industrie auto-
mobile (moteurs Diesel ou essence). Les systémes de distribution variable (VVA pour
Variable Valve Actuation) ont été introduits dans les moteurs pour optimiser 'efficacité
du fonctionnement global sur des plages tres larges de points de fonctionnement, con-
sidérés a I’équilibre.

A tout instant, les résultats de la combustion dépendent du remplissage en air/gaz
brilés du cylindre, qui lui méme dépend de la position des actionneurs VVA et des con-
ditions dans le collecteur d’admission. Ces deux sous-systemes ont des temps de réponse
différents, ce qui conduit, pendant les transitoires, a des pertes d’efficacité du moteur.
Dans cette these, nous proposons une solution a ce probleme, qui prend la forme de
boucle de coordination entre les sous-systemes de controle de bas-niveau. Cette coor-
dination s’effectue par I'intermédiaire d’un modele de remplissage développé dans ce
manuscrit. Des résultats expérimentaux établissent qu’il est possible d’améliorer la

production de couple et de réduire les polluants.

ABSTRACT

The production of torque and pollutants of Variable Valve Actuation equipped in-
ternal combustion engines found in the automotive industry (both Diesel and gasoline
engines) is studied. Variable Valve Actuation (VVA) is a technology which has been
introduced to optimize engine efficiency at steady-states covering a wide range of op-
erating conditions.

In more details, the outcome of the internal combustion engine (torque and pollu-
tant) depends on the cylinder filling at each stroke which, itself, depends on the VVA
positions and the engine intake manifold conditions. These two subsystems have in-
consistent response times which results in efficiency losses during transient operations.
In this manuscript, a remedy for this issue which takes the form of coordination loops
of low-level controllers is proposed. This coordination uses a cylinder filling model, de-
signed in the thesis. Experimental results prove that torque production and pollutant

emissions can be improved.
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Introduction

The systems under consideration in this thesis are Variable Valve Actuation (VVA)-
equipped internal combustion engines. Such systems are becoming more common in
the automotive industry. The topic addressed here is the control of cylinder filling.
Two technologies of VVA are considered: Variable Valve Timing (VVT) and Variable
Lift and Duration (VLD).

Classically, the aim is to control the production of torque, while limiting pollutant
emissions and fuel consumption resulting from the combustion. At each stroke, these
outputs are directly determined by the properties of the blend of fuel, fresh air, and

burned gases present in the cylinder prior to combustion.

In modern automotive engines, cylinders are filled by the so-called air path and fuel
path subsystems. Depending on the employed technologies, these subsystems consist
of the turbocharger, exhaust gas recirculation loop(s), intake manifold, and, on the
other hand, the injectors. Different implementations of VVA are also becoming more
common. VVA generally permits the control of the inlet and exhaust gas flows into

and out of the cylinders.

In practice, cylinder filling is usually managed by embedded controllers using ex-
tensive look-up tables covering every possible engine working point. These tables act as
inputs to the controllers of the air path (including the VVA) and fuel path subsystems.
An important limitation of this approach is that, implicitly, the engine is considered to
operate at a steady point. Indeed, look-up tables generally contain only data obtained
at steady-state. Yet, engines are mostly used in transient modes, as most driving condi-
tions require frequent gear shifts and torque variations to satisfy a constantly changing
load (this point is also apparent in standardized testing cycles).

During these transients, cylinder filling is frequently sub-optimal. Cylinder filling
depends on the following variables: the cylinder-peripheral conditions (pressure, tem-
perature, composition), the VVA positions and engine speed. These variables each
have their own response times, determined by both their respective controllers. The

primary culprit for the sub-optimal cylinder filling during transients is the dispersion

Xix



of response times for these variables.

This problem has has a solution: cylinder filling can be improved to a large extent
during transients via a methodology presented in this thesis. First, a particular control
objective is formulated (depending on the case under consideration, this can be an
in-cylinder gas mass or composition). Then, an analytic model is established for this
variable involving the cylinder-peripheral conditions and the VVA positions, represent-
ing the control variables. From this model, a strategy is deduced to compensate the
sluggishness of one of the control variables via modulation of one of the others. This
results in a coordination of existing low-level controllers and leads to an improvement
of the high-level objective transient control.

The thesis is organized as follows. Background information on the functioning of in-
ternal combustion engines equipped with VVA are presented in Chapter 1. The cylinder
filling phenomena is focused on. The two cases under consideration in this thesis are de-
tailed: Spark ignition (SI) engines and Compression Ignition (CI). After commenting on
the beneficial effects of VVA technologies during steady state operation, the shortcom-
ings of state-of-the-art controllers during transients are described. In each case control
problems are formulated for the transient control of cylinder filling. The focus is on
torque production and pollutant emissions. Briefly, coordination strategies are sketched
to solve each of the formulated control problems. To determine effective generalizable
coordination formulas, a cylinder filling model is needed. Such a quantitative model is
proposed in Chapter 2. It is developed using first principles equations for the aspirated
gas masses. These analytic equations include cylinder-peripheral thermodynamic con-
ditions, and the intake and exhaust valve lift histories. Following a general formulation
of the breathing phenomenon, the two particular cases of SI engine (equipped with
VVT generating back-flow and scavenging) and CI engine (equipped with VLD allow-
ing a second exhaust valve re-opening generating exhaust re-induction) are detailed.
The models are calibrated using experimental data obtained at test benches. The sub-
sequent two chapters report case-studies. In Chapter 3, a VV'T equipped, turbocharged
SI engine is considered. Here, the control strategy is to coordinate the VVT and the
intake manifold pressure, which can be, depending on the operating point, actuated
by the throttle or the turbocharger. After a discussion of the mathematical model
properties, the stability of the coordinated system is proven. Specifically, a small gain
theorem provides insight into the nature of the interconnection. Extensive experimental
results obtained both on a test bench and on board a vehicle stress the relevance of the
approach. A substantial speedup of the torque response is observed (the response time
for the torque response on a large tip-in is reduced by 20%), and, further, it is possible

to manage the mass of burned gas, which is convenient for cold-start. In Chapter 4, a



low-pressure Exhaust Gas Recirculation (EGR) VLD equipped Diesel engine is stud-
ied. The model of Chapter 2 is complemented by further investigations to represent
the rate of burned gases inside the cylinders. Here, the VLD is used to compensate for
the sluggishness of the intake manifold burned gas rate. An Input-to-State-Stability
(ISS) approach is considered to prove stability of the obtained cascade resulting from
the proposed coordination. Supportive experimental results show significant reduction
of NO,. during transients, resulting in on 5% reduction in NO,, generated over a NEDC

dryving cycle and widely more on torque tips-in and out.

The presented coordination methodology is very general. It consists of using the
actuators, to control the cylinder filling as optimally as possible. The objectives treated
in the SI and CI cases are particular cases. Extensions are possible. These objectives
have been reached thanks to existing VVA actuators, without any further sensor nor

actuator, at the sole expense of an improvement of the embedded software.






Acronyms, notation and

mathematical definitions

Acronyms
AFR Air/Fuel Ratio
BDC Bottom Dead Center
BGR Burned Gas Rate
CI Compression Ignition
CO Carbon Monoxide
COq Carbon Dioxide
DOHC Double Over Head Camshaft
EGR Exhaust Gas Recirculation
evc Exhaust Valve Closing
evo Exhaust Valve Opening
HC Hydrocarbons
HP High Pressure
IEGR  Internal Exhaust Gas Recirculation
IGR Internal Gas Recirculation
IMEP  Indicated Mean Effective Pressure
ISS Input-to-State Stability
ive Intake Valve Closing
1o Intake Valve Opening
LP Low Pressure
LTC Low Temperature Combustion
LTV Linear Time Varying
MAF Mass Air Flow
NEDC New European Driving Cycle
NO, Nitrogen Oxides
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PI
PM

SI
TDC
TWC
UGAS
UGES
VGT
VLD
VVA
VvVT

Proportional Integral

Particulate Matter

Spark Ignition

Top Dead Center

Three Way Catalyst

Uniformly Globally Asymptotically Stable
Uniformly Globally Exponentially Stable
Variable Geometry Turbocharger
Variable Lift and Duration

Variable Valve Actuation

Variable Valve Timing

General Notation

Symbol  Quantity Unit
AFR, Stoichiometric air/fuel ratio -

Area Opening area under both valves m?

mgﬁg In-cylinder aspirated mass from the exhaust manifold kg /stroke
mf{;% In-cylinder aspirated mass from the intake manifold kg /stroke
Myl In-cylinder mass at ivc kg /stroke
mezh Exhaust gas mass at evc kg /stroke
m Injected fuel mass kg/stroke
mgié‘rlap Mass of gas through both valves kg /stroke
mgﬁg Aspirated mass flow from the exhaust manifold kg/s
mfgé Aspirated mass flow from the intake manifold kg /s
mayar  Intake mass air flow measured by MAF sensor kg/s

Neyl Number of cylinders -

N, Engine speed rpm

OF Overlap factor m? - deg
Pt Intake manifold pressure Pa

Py In-cylinder pressure at ivc Pa

Py Downstream pressure Pa

P..n Exhaust manifold pressure Pa

P, Upstream pressure Pa

R Ideal gas constant J/kg/K



Symbol  Quantity Unit

Tey In-cylinder temperature at ivc K

Teowh Exhaust manifold temperature K

Tint Intake manifold temperature K

Ty Upstream temperature K

T, Engine torque Nm

Vepo In-cylinder volume at BDC m?

Va Total displaced volume of all the cylinders m?

Vive In-cylinder volume at ivc m?

Vit Intake manifold volume m?

Vrpo In-cylinder volume at TDC m?

Veve In-cylinder volume at eve m?

A Matrix of regressors *

B Matrix of regressors *

Yy Measurement vector *

a Parameter vector *

5 Specific heat ratio -

Ocve evc angle deg

Oive 1wc angle deg
Notations for the SI case study

Symbol  Quantity Unit

Areay,  Throttle opening area m?

Masp In-cylinder aspirated mass from the intake manifold kg /stroke

mbie®  Predicted in-cylinder aspirated mass kg/stroke

m?f Feedforward term for fuel injection kg /stroke

Migr IGR mass kg /stroke

Mat Throttle mass air flow kg /s

Py, Downstream compressor pressure Pa

a First breathing model parameter term -

a9 Second breathing model parameter term kg/m? /s

o3 Third breathing model parameter term kg/m?

Mol Volumetric efficiency -

on

Volumetric efficiency modeling error



Symbol  Quantity Unit
€th Throttle mass flow modeling error kg /s
Dt Intake VVT actuator position deg
Do, Exhaust VVT actuator position deg
041, Opening throttle angle %
Notations for the CI case study
Symbol  Quantity Unit
Cy Constant volume specific heat J/kg/K
P.oo In-cylinder pressure at evo Pa
Qrrv  Lower heating value of fuel J/kg
Toe In-cylinder temperature after combustion K
The In-cylinder temperature before combustion K
Tive In-cylinder temperature at ivc K
Xean Exhaust manifold BGR -
Xiegr In-cylinder BGR at ivc -
Xint Intake manifold BGR -
Xive In-cylinder BGR at ivc -
Veomb In-cylinder volume when combustion occurs m3
01 First breathing model parameter term -
(o Second breathing model parameter term -
or Tolerated temperature overrun K
1 First combustion model parameter -
142 Second combustion model parameter -
D14 VLD actuator position deg

Mathematical definitions

||| stands for the Euclidean norm.

The induced norm of a matrix M € M,,(R) is defined as || M || = sup,cgn, 4,0
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Definition 1 ([34]).
A continuous function a: [0;a) — [0;00) is said to belong to the class IC if it is strictly

increasing and «(0) = 0.

Definition 2 ([34]).
A continuous function 3 : [0;a) x [0;00[— [0;00) is said to belong to the class KL if,
for a fized s, the mapping [B(r,s) belongs to the class K with respect to r and, for a

fized r, the mapping B(r,s) is decreasing with respect to s and (3(r,s) — 0 as s — 0.

Definition 3 ([34]).

Consider the system

T = f(t,x,u) (1)

where f : [0, co) x R™ x R™ — R" is piecewise continuous in t and locally Lipschitz
in x and u. The system (1) is said to be input-to-state stable (ISS) if there exist a
class KL-function 8 and a class K-function v such that for any initial state x(ty) and

any bounded input u(t), the solution z(t) exists for all t >ty and satisfies

le(®)]) < Blllzlto)]] £ — to) +7 ( sup Hu(r)H)

to<t<t

Definition 4 ([31]).
Consider the system

w(k+1) = f(x(k), u(k)) (2)

The system (2) is said to be input-to-state stable (ISS) if there exist a class KL-
function B and a class K-function ~ such that for any initial state x(ko) and any
bounded input u(k), the solution z(k) exists for all k > ko and satisfies

ko<s<k

(k)| < B(llz(ko)ll .k — ko) + ( sup IIU(S)H)






Chapter 1

A description of cylinder filling
control issues for
Variable-Valve-Actuation internal

combustion engines

In this first chapter, the issues related to cylinder filling in internal combustion
engines equipped with Variable Valve Actuation devices are described. Both cases of
Spark Ignition (SI) and Compression Ignition (CI) are discussed. Following a physical
description of the involved technologies and the filling phenomenon, the role of usually
considered control systems is detailed. This stresses the necessity for a coordination

strategy to take better advantage of the full potential of VVA devices.

1.1 Background on internal combustion engines

First, one focuses on a general technological description of internal combustion

engines.

1.1.1 Engine four-stroke operating cycle

The purpose of internal combustion engines is the production of mechanical power
from the chemical energy contained in the fuel. The internal combustion engines under
consideration in this thesis are Spark-Ignition (SI) engines (also referred to as Gasoline

engines) and Compression-Ignition (CI) engines (also referred to as Diesel engines).
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Internal combustion engines found in cars most commonly use a four-stroke cycle.

The four strokes refer to intake, compression, combustion (power) and exhaust strokes
occurring during two crankshaft rotations during each working cycle of the SI engine
and CI engine.
A four-stroke engine is characterized by four strokes, or reciprocating movements of a
piston in a cylinder (see Figure 1.1, intake and exhaust valve lifts are presented at the
bottom). The cycle begins at top dead center (TDC), when the piston is the farthest
away from the axis of the crankshaft. On the intake or induction stroke of the piston,
the piston goes down from the top of the cylinder, reducing the pressure inside the
cylinder (phase ()). Fresh air is forced into the cylinder through the intake port. The
intake valve then closes near bottom dead center (BDC), and, then, fuel is injected
into the cylinder (for direct injection engines). The compression stroke compresses the
fuel-air mixture (phase (2)). The air-fuel mixture is then ignited near the end of the
compression stroke, usually by a spark plug (for SI engines) or by the heat and pressure
of compression (for CI engines). The resulting pressure of burning gases pushes the
piston through the power stroke (phase @)). In the exhaust stroke, the piston pushes
the products of combustion from the cylinder through the exhaust valve (phase @).
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Figure 1.1: Four-stroke cycle of internal combustion engines. Four successive phases
(induction, compression, combustion, exhaust) take place. They are separated by TDC
and BDC.
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1.1.2 Around the combustion chamber

The engine cylinders are contained in the engine block. The combustion-generated
gas pressure in the combustion chamber pushes down the piston which transmits the
energy to the crankshaft via the connecting rod (see Figure 1.2). The cylinder head
contains the spark plug (in the case of SI engines), a fuel injector!, and a part of the
valve mechanism. A camshaft with one cam per valve is used to open and close the
valves with an accurate timing. Fresh air comes from the intake manifold and burned

gases are expelled towards the exhaust manifold.

Injector

cylinder head ~
camshaft

intake

engine block — |

piston — O

connecting rod

crankshaft O

Figure 1.2: Engine components about the combustion chamber.

1.1.3 Variable Valve Actuation technologies

Conventional engines are designed with fixed mechanically-actuated valves. The
position of the crankshaft, and the profile of the camshaft determine the valve events
(i.e, the timing of the opening and closing of the intake and exhaust valves) as is pic-
tured in Figure 1.1. In conventional engines, valve motion is mechanically determined
by the crankshaft position (through the camshaft), and the valve motion is the same
for all operating conditions. In this situation, the cylinder filling (in-cylinder pressure,
temperature, mass) is only a function of the intake manifold thermodynamic quanti-
ties and the engine speed. However, the ideal scheduling (in terms of consumption,
emissions, and combustion stability) of the valve events greatly differs between differ-
ent operating conditions (e.g. at idle, partial load or high load). This simplification

represents a significantly costly trade-off in engine design [15, 68, 77].

'The fuel injector can be located either in the intake pipe (port-fuel injection) or in the cylinder
(direct injection).
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To optimize the engine behavior over its whole operating range, Variable Valve
Actuation (VVA) devices have been introduced since the early 90’s. These modify
the valves lifts profiles pictured in Figure 1.1. Engines equipped with VVA can be
categorized by their means of actuation: electro-hydraulic, electromechanical, and cam-
based actuators. Thanks to its quality-price ratio, cam-based actuation has quickly
become standard on many production engines [1]. Maximizing their potential benefits
has been the topic of significant research and development.

Cam-based actuators can be categorized into discretely-staged cam-profile switching
systems [23], Variable Valve Timing (VVT) systems and continuously variable cam-
profile systems [19]. Discretely-staged cam-profile switching systems generally have
two or possibly three different cam profiles that one can switch from. VVT allows
change to the valve timings, but not the valve lift profiles and durations themselves.
The camshafts can only be advanced or delayed with respect to its neutral position on
the crankshaft. VVT can be controlled by a hydraulic actuator called a cam phaser [4].
Engines can have a single cam phaser (intake cam only) or two cam phasers (both intake
and exhaust cams) as pictured in Figure 1.3(a). Continuously-variable cam-profile
systems have a profile with a constant shape, but its magnitude can be increased or
decreased within a range of values [38, 40]. Figure 1.3(b) represents a second exhaust
valve lift capability, referred to as VLD (Variable Lift and Duration) system, as an

example to a continuously-variable cam-profile type system.
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(a) Dual independent VVT. Valve timing actuators (b) VLD actuator controls the exhaust valve lift and
can move separately. duration re-opening.

Figure 1.3: Two examples of VVA technologies: a variable valve timing system (VVT)
and a continuously variable cam-profile system (VLD).

1.2 Background on VVT equipped SI engines

Now, the particular case of SI engines is detailed. The nature of the cylinder

gas exchange, the importance of pumping losses, and the role of gas recirculation and
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scavenging that are generated using VVT actuators are detailed. Finally, the limitations

of classic control designs during transients are stressed.

1.2.1 SI engine generalities: the air and fuel inflows

In SI engines, the air/fuel mixture is ignited by an electrical discharge arising across
the spark plug. This starts the combustion process at the end of the compression phase.
To guarantee a reliable combustion, the ratio of air mass flow to fuel mass flow must
be held approximately constant at a level determined by the stoichiometry. Further,
to reduce pollutant emissions and meet emissions standards?, SI engines have been
equipped with three-way catalytic converters [21] (see Appendix C)* that force the
engine to operate under stoichiometric conditions.

Due to the necessity of maintaining a stoichiometric blend of air and fuel in the
combustion chamber, the variation of the torque output of an SI engine is obtained by
simultaneously modifying the air mass flow and the fuel mass flow entering into the
cylinders (and to some extents also by modifying the spark advance [66]). A throttle
valve [79], located at the intake of the engine (see Figure 1.4), controls the air flow
(through the intake manifold pressure) while injectors (located in the inlet ports or
in the chamber for direct injection engines) control the amount of fuel that has to
be injected to keep the constant air/fuel ratio. Because of the slowness of the fresh
air cylinder filling process compared to the instantaneous fuel injection process, the
engine torque output follows the aspirated air mass dynamics. It is then of paramount

importance to accurately control the aspirated air mass.

1.2.2 Ways to lower consumption: downsizing, turbocharging and

pumping losses

The main problem of the SI engine is its poor efficiency at low load [24]. The use

of a throttle in the intake manifold implies non-negligible pumping losses. Because of

2For a few years, emissions standards have appeared to set specific limits to the amount of pollutants
that can be released into the environment. Many emissions standards focus on regulating pollutants
released by automobiles. The European Union has its own set of mandatory emissions standards
(“Buro”). The emission levels of car engines are determined on the New European Driving Cycle
(NEDC) test cycle. It is supposed to represent the typical usage of a car in Europe. Standards for SI
and CI engines generally focus on the emissions of Nitrogen Oxides (NO.), Carbon Monoxide (CO),
Particulate Matter (PM) and volatile Hydrocarbons (HC).

3This device located at the exhaust of the engine has three simultaneous tasks: to reduce NOg, to
oxidize CO and to oxidize unburned HC. These three reactions occur most efficiently when the catalytic
converter receives exhaust from an engine running near the stoichiometric point. This is about 14.6
parts air to 1 part fuel, by weight, for gasoline.
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Figure 1.4: Schematic illustration of a turbocharged, VVT-equipped SI engine.

a low intake manifold pressure at low and partial load, the pumping work®* is large and
contributes to a poor global efficiency of the engine.

Some new technological solutions have appeared to improve the overall efficiency
(and reduce fuel consumption) of SI engines. One of the most promising way is the
reduction of the engine capacity, named downsizing [14]. To generate the same torque
output (same cylinder fresh air mass quantity) as with an engine of larger capacity,
the intake manifold pressure has to be higher. Consequently, the depression created
by the throttle is decreased, and so is the negative pumping work. Downsizing leads
to a better engine efficiency, but requires supercharging to maintain performances [63].
Engine supercharging can be achieved using a turbocharger that recovers energy from
the exhaust gas, as pictured in Figure 1.4. The compressor is powered by the turbine
located downstream of the exhaust manifold. A wastegate valve deflects part of the
turbine flow, and thus indirectly controls the compression rate. The turbocharger
controls the intake manifold pressure at high load (when the intake throttle is fully
open). As a drawback, the turbocharger inertia implies a large response time, during
transient, for the intake manifold pressure, and then in the engine torque output.

Additional improvements are achieved using VV'T devices [37, 44]. VVT actuators
are located on the camshafts (see Figure 1.4) and permit independent modification of
the timing of the intake and exhaust valves lifts, and, in turn, drastically modify the

fresh air cylinder filling process. Their impact on the engine behavior is detailed in the

“Work transfer between the piston and the cylinder gases during the induction and exhaust
strokes [24].
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following section.

1.2.3 Impact of VVT actuators on the engine

VVT actuators have a strong impact on the cylinder filling process. Indeed, mod-
ifying the timing of both the intake and exhaust valves (see Figure 1.3(a)) affect the
cylinder filling through two effects. First, the variation of the valve overlap (time when
both valves are open together) permits the realization of an Internal Gas Recirculation
(IGR). This phenomenon depends on the engine operating range since it is a function of
the pressure difference between the intake and exhaust manifolds. Secondly, modifying
the timing of the intake valve permits modulation of the effective cylinder capacity,
and, so, the admissible air volume. Now, we detail the beneficial impacts of the VVT

actuators under part load and under high load conditions.

VVT at partial load: the benefits of the internal burned gas recirculation

Under partial load, because of the negative pressure difference between the intake
and exhaust manifolds, increasing the valve overlap permits exhaust gas back-flow
towards the intake (see Figure 1.5). These gases are then directly reintroduced into
the chamber during the intake stroke. An increase of the in-cylinder burned gas quantity

results.

Figure 1.5: Under atmospheric conditions, back-flow of exhaust burned gases may occur
during the intake stroke.

This IGR of burned gases modifies the fresh air cylinder filling, because burned
gases occupy a non-negligible cylinder volume. Two beneficial impacts result. First,
IGR permits a reduction in the pumping losses (like downsizing) because it is necessary
to increase the intake manifold pressure to keep a constant aspirated air mass (and then

torque output). Secondly, the presence of burned gases has the effect of slowing down
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the combustion. A reduced combustion temperature, that is beneficial in terms of NO,
emissions [24], follows.

Figure 1.6 shows the effects of the burned gas quantity on the intake manifold
pressure and the NO, emissions at constant torque. The higher the valve overlap is,
the higher the amount of the residual gas. An increase of the intake manifold pressure
to keep a constant engine torque (decrease of the pumping losses, and then of the

consumption), and a decrease of the NO, emissions follows.
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Figure 1.6: Beneficial effects of valve overlap variations on the intake manifold pressure
and the NO, emissions at constant engine speed (1500 rpm) and constant torque (30
Nm). Experimental data obtained on a 4-cylinder SI engine test bench equipped with
VVT actuators.

From a combustion viewpoint the presence of burned gases inside the cylinder in-
creases the in-cylinder temperature prior to combustion. This accelerates fuel vaporiza-
tion and improves charge homogenization prior to ignition. On SI engines, an optimized
combustion is obtained by limiting air/fuel ratio dispersions in the chamber, because
rich zones burn with a lower efficiency. In this case fuel is only partially oxidized and
the part of the CO in the combustion products increases. Formation of CO during
combustion provides less energy than the generation of COy. Thus, residual burned
gases yield an additional fuel consumption reduction by improving the mixing.

On the other hand, burned gas quantity must be upper bounded to ensure combus-
tion stability. Water and CO2 molecules contained in the burned gases slow down the
flame propagation. These molecules are characterized by a higher specific heat than

air. Flame temperature is then lower and propagation is less efficient.

VVT at high load: the benefits of scavenging

At high load, because of the positive pressure difference between the intake and

exhaust manifolds (thanks to the turbocharger capabilities [14, 65]), increasing the
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valve overlap permits some fresh gases to flow through the cylinder, driving out the

residual burned gases (see Figure 1.7). This is the scavenging effect.

Figure 1.7: Under turbocharging conditions, a part of the fresh air can be scavenged
towards the exhaust pipe.

At high load, combustion efficiency is limited by the knock phenomenon® [24]. Spark
advance has to be shifted from its optimum value to prevent knock. Knock is strongly
related to the presence of in-cylinder burned gases, because of their high temperature.
Thanks to scavenging, burned gases are easily removed from the cylinder. Moreover,
the fresh gases flowing through the cylinder to the exhaust pipe during the scavenging
phase lower the in-cylinder temperature. Then, spark advance can be set to its optimum
value, combustion becomes more efficient, and fuel consumption is reduced.

The decrease in in-cylinder temperature also implies an increase of the aspirated
fresh air mass. It can be observed on the engine performances with an increase of the
maximum achievable torque. Moreover, increasing the scavenged air mass flow allows
an earlier turbine initiation (also referred to as turbo lag reduction). This contributes

to increase the engine load at low engine speeds [37, 11, 63].

1.2.4 Existing controllers for SI engines

Earlier in Section 1.2.1, it has been seen that the engine torque output is related to
the aspirated fresh air mass. In fixed valve timing engines, this variable is controlled
through the intake manifold pressure (actuating the throttle and the wastegate). In
VVT engines, the problem is more involved since the VVT actuators have a strong
impact on the aspirated air mass. Controlling the torque of a VV'T equipped SI engine is
then equivalent to controlling both the intake manifold pressure and the VVT actuators

positions.

5Knock is the name given to the noise which is transmitted through the engine structure when
essentially spontaneous ignition of a portion of the gas occurs.
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As seen it in Section 1.2.3, in classic engine control strategies, VV'T actuators are
used to optimize the engine efficiency (by reducing the pumping losses) while minimizing
the pollutant emissions. As a result of such a trade-off, static positions of the VVT
actuators are determined to cover every possible engine set point (see e.g. [1] or [15]).
The VVT actuators are used in a passive way: they are independent of the system
functioning. In practice, this positioning is used as follows. From a torque request
specified by the driver through the accelerator pedal, and from the engine speed, two-
dimensional look-up tables give set points for the intake manifold pressure and VVT

actuators positions (see Figure 1.8).
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Figure 1.8: Classic control strategy to manage the cylinder filling. 7,” and N, refer to
the driver torque demand and the engine speed, respectively. Look-up tables determine

set points for the intake manifold pressure and VVT actuator positions, P;F,, @7, and
P
exh

The intake manifold pressure and VV'T actuators controllers can be considered as
low-level controllers. In this thesis; only asymptotic stability properties and rough
estimates of the response times of these controllers are used. No design detail are
developed. An exception is made for the intake manifold pressure controller under at-
mospheric conditions (using the throttle actuator), which is addressed in Appendix A
for which a new contribution is proposed. Some intake manifold pressure controllers
under turbocharged conditions are given in [60, 69, 76] for example. Some VVT ac-
tuators controllers can be found in [8, 18]. Reference static positioning of the VVT

actuators are given in Appendix D.

1.2.5 Issues during transients

The dynamic responses of the intake manifold pressure and VVT actuators are
rather different. On the one hand, the response of the intake manifold pressure is
quite fast under atmospheric conditions because it is controlled by the throttle, which
is electrically actuated and follows a fast first-order dynamics representing the filling—
emptying phenomenon of the intake manifold [24]. Under turbocharging conditions,

the inertia of the turbocharger substantially slows down the response of the intake

10
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pressure. On the other hand, the VVT mechanism (see [19] for a complete description)
is slower than the intake pressure dynamics under atmospheric conditions.

These discrepancies between the response time of the two subsystems (the intake
manifold pressure and the VVT actuators) during transients may lead to performance
losses [75] because cylinder filling objectives are not satisfied. Figure 1.9 reports results
on a large torque tip-in. The two figures on the left present the intake manifold pressure
and the VVT actuators positions set points and measurements respectively. The figure
on the right pictures the resulting engine torque output. It is clear that two distinct
dynamics are observed for the two low-level subsystems. Indeed, the intake pressure is
slower than the VVT actuators because of the turbocharger inertia (at the beginning
of the transient, the pressure is widely faster because it is modulated thanks to the
throttle). Here, VVT actuators are not optimally used because they passively remain

stuck on their reference mapped positions during the transient.
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Figure 1.9: Experimental results obtained on vehicle during a large torque tip-in. Clas-
sical controller do not exploit the VVT actuators at their best. These are fed with
static set points values. The obtained torque response is relatively slow, and can be
improved.

From the preceding observations, an issue has been identified.

Problem 1 (VVT SI engine).
The difference in response times of the two subsystems contributing to the cylinder

filling (the intake manifold pressure and the VV'T actuators) lead to engine performance

losses in terms of torque response.
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1.3 Background on VLD equipped CI engines

Now, one focuses on CI engines. The nature of cylinder gas exchange and the
usage of VLD actuators are detailed. The limitations of classic control architectures

are stressed.

1.3.1 CI engine generalities: the air and fuel inflows

A CI engine is an internal combustion engine using the heat of compression to
ignite the fuel, which is injected into the combustion chamber during the final stage
of compression. Torque production control is achieved by varying the amount of fuel
injected during each cycle®; the air flow at a given engine speed is essentially unchanged
in naturally aspirated engines (combustion is lean). Modern CI engines are usually
equipped with a Variable Geometry Turbocharger (VGT, see Figure 1.10). This permits
an increase in engine torque output by increasing the air mass flow per displaced volume
unit, thereby allowing an increase in fuel flow [24]. Besides a substantial decrease of
consumption arising from higher engine efficiency, CI engines generate problematic

pollutant emissions.

Intercooler

-

EGR valve )T/

EGR heat
exchanger
after
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Figure 1.10: Schematic illustration of turbocharged, VLD-equipped CI engine.

SContrary to SI engines, no stoichiometric blend is needed.
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1.3.2 Towards lower emissions using EGR

Upcoming Diesel engines emission standards such as Euro 67 require significant re-
duction of smoke, HC, CO and above all NO, emissions. This has spurred an interest
in new (cleaner) combustion modes. Premixed combustion modes (LTC: Low Tem-
perature Combustion) represent a relatively simple and affordable solution to reduce
the emissions while retaining the advantages of the CI engine. These modes consist of
incorporating large amounts of Exhaust Gas Recirculation (EGR) into the combustion
process. The change of in-cylinder oxygen by exhaust gas reduces the availability of
oxygen during the combustion. This lowers the post-combustion temperature, lead-
ing to decreased NO, emissions (see [53], [39], [70] and the references therein). NO,
emissions is then deeply related to the Burned Gas Rate (BGR)® inside the cylinder.

Control of the BGR can be realized in two possible manners: through a High Pres-
sure (HP) or a Low Pressure (LP) EGR circuit. The LP EGR technology (which is
considered in this thesis, as pictured in Figure 1.10) possesses many advantages over
the HP EGR circuit. In this technology, the exhaust gases are picked up downstream of
the turbine and the after-treatment system (see Figure 1.10). The fresh air and burned
gases mix and then flow through the compressor. The advantages of LP EGR are three-
fold. First, due to the EGR circuit length, the intake manifold mixture temperature
is lower than in the case of the HP EGR. This has a beneficial impact on the NO,
emissions. Second, higher EGR rates can be obtained because LP EGR does not have
a significant discharge effect on the turbocharger. Third, because the recirculated gases
are cleaned by the after-treatment system, there is no problem of exchanger fouling.
However, one main drawback of the LP technology is the large settling time because of
EGR pipe length and low inlet-outlet pressure difference.

Recently, a new way to generate EGR can be achieved using a VLD device [5]. The
VLD actuator is located on the camshaft (see Figure 1.10). It permits a variable exhaust
valve re-opening that drastically modifies the cylinder filling process. Its impact on the

engine working is detailed in the following section.

1.3.3 Impact of VLD on the engine: benefits of the internal gas re-

circulation

As has been discussed previously in Section 1.3.2, the LP EGR provides good results
in terms of NO, emissions. Nevertheless, a reduced exhaust temperature resulting

from the highly diluted combustion tends to produce a sharp increase in HC and CO

"European emissions standard from 2014.
8Mass of burned gas over total mass. The burned gas rate in the intake manifold is equal to the
EGR rate multiplied by the fuel/air ratio

13



Chapter 1. A description of cylinder filling control issues for Variable-Valve-Actuation
internal combustion engines

emissions at part load because of after treatment catalyst deactivation [5]. Utilization
of a VLD actuator can address this problem. VLD re-inducts the gases directly inside
the combustion chamber (Internal Exhaust Gas Recirculation, IEGR). Significantly
higher gas temperature levels at valve closure can be reached. This permits to activate

the catalyst, and, in turn, to reduce the HC and CO emissions.

In engines where both external EGR and TEGR take place, the in-cylinder BGR and
temperature can be controlled. Figure 1.11 reports emissions measurements in regards
to an increase of EGR/IEGR rates (using either the LP EGR or the VLD) at constant
IMEP?. In details, Figure 1.11(a) gives NO, results for increasing EGR/IEGR rates,
while Figure 1.11(c) and Figure 1.11(d) underline the beneficial impact of hot residual
gases on the HC-CO emissions. Finally, Figure 1.11(b) shows that higher in-cylinder

mixture temperature increases the smoke emissions.
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Figure 1.11: Engine emissions for increasing external or internal EGR at constant IMEP
(2 bar), constant engine speed (2000 rpm) and constant intake manifold pressure (1
bar). IEGR allows a reduction of the HC-CO emissions to the detriment of the smoke
emissions. Experimental data obtained at test bench on a 4-cylinder CI engine equipped
with VLD actuator and LP EGR capability.

°The IMEP (Indicated Mean Effective Pressure) is the work delivered to the piston over the entire
four strokes of the cycle, per unit displaced volume.
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1.3.4 Existing controllers for CI engines

It has been seen that the NO, emissions are related to the in-cylinder BGR. In
fixed valve timing engines, this variable is controlled through the intake manifold BGR
(actuating the EGR valves). In VLD-equipped engines, it is more complicated since the
VLD actuator has a strong impact on the in-cylinder BGR. Controlling the in-cylinder
BGR of a VLD equipped CI engine is then equivalent to controlling both the intake
manifold BGR and the VLD actuator position.

Following the same approach discussed for SI engines in Section 1.2.4, static posi-
tions of the VLD actuator are determined to cover every possible engine set point. The
VLD actuator is used in a passive way, it is totally independent of the system function.
In practice, this positioning is used as follows. From a torque request specified by the
driver through the accelerator pedal, and from the engine speed, two-dimensional look-
up tables give set points for the intake manifold BGR and the VLD actuator position
(see Figure 1.12).

Xf?ft Xint EGR valves
IMEP® . controller E
MAP| S
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Figure 1.12: Classic control strategy to manage the cylinder filling. /M EP*P and N,
refer to the driver torque demand and the engine speed, respectively. Look-up tables
determine set points for the intake manifold BGR and VLD actuator position, X7,
and ®°7 .

vld

As in SI engines, the intake manifold BGR and VLD actuator controllers can be
considered as low-level controllers. No details about the derivation of such controllers
are given. Some intake manifold BGR controllers are given in [7, 18, 28]. Some VLD
actuators controllers can be found in [8, 18]. Reference static positioning of the VVA

actuator is exposed in Appendix D.

1.3.5 Issues during transients

The dynamic responses of the intake manifold BGR and the VLD actuator are
rather different. On the one hand, the response of the intake manifold BGR is quite
slow (because of the EGR pipe length, and the low inlet-outlet pressure difference). On
the other hand, the VLD actuator dynamics is fast.

These discrepancies between the two subsystems (the intake manifold BGR and the

VLD actuator) during transients lead to undesired engine behavior. The situation is
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similar to the one observed on SI engines in Section 1.2.5. Figure 1.13 gives results on
NO, emissions during a IMEP transient. Detrimental emission peak can be observed.
The two figures on the left give the intake manifold BGR and the VLD actuator position.
The figure on the right reports the resulting NO, emissions. Here, the change of
engine operating point modifies the intake BGR and VLD actuator position set points
(more external EGR, and, consequently, less IEGR is required). Because of the intake
manifold BGR sluggishness corresponding to a slow external EGR response (compared
to a fast IEGR response because of the fast VVA actuator position actuation), the
in-cylinder BGR objective is not satisfied. NO, emission peak follows from this poor
in-cylinder BGR control. Here, the VLD actuator is not optimally used because it

remains on its reference position during the transient (used as passive actuator).
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Figure 1.13: Experimental IMEP transient (3-5 bar) at test bench on a 4-cylinder CI
engine equipped with VLD actuator and LP EGR capability. The difference in response
times between the intake manifold BGR and the VLD actuator leads to NO, emission
peak during transient.

This discussion allows us to identify a second issue.

Problem 2 (VLD CI engine).
The difference in response times of the two subsystems contributing to the cylinder
filling (the intake manifold BGR and the VVA actuator) lead to engine performance

losses in terms of NO, emissions.
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1.4. The proposed coordination solution

1.4 The proposed coordination solution

In summary, SI and CI engine controllers have similar block-scheme representation
(pictured in Figure 1.8 and Figure 1.12 respectively). From a driver torque request and
current engine speed, look-up tables derived under steady state conditions generate set
points of the intake manifold quantities (pressure for SI engines, BGR for CI engines)
and the VVA positions. Then, two low-level controllers track on these set points. At
each engine stroke, fresh mixture coming from the intake manifold is aspirated into the
cylinder, depending on the valves lifts profiles.

As has been identified in the statements of Problem 1 and Problem 2, differences in
response times of the respective low-level controllers impact the cylinder filling during
transients in non-favorable ways. This leads to a poor global engine behavior (torque
for SI engines, emissions for CI engines). To improve the transient behavior, it is
advantageous to coordinate the two subsystems. The proposed solution is to relate
the intake manifold quantities/VVA and the in-cylinder filling quantities, without any
modification of the low-level controllers (it is an add-on to an existing control strat-
egy). Figure 1.14 pictures this coordination strategy. A high-level controller feeds the
low-level controllers by coordinating them in order to satisfy a pre-defined cylinder

filling objective.

| ‘ ILOW-LEVEL |
| CONTROLLERS

1

l

Intake manifold | |

quantities t
controller : Cylinder

|

1

1

|

1

T;pH

MAP

\J
"~

filling

v

VVA controller

T

Figure 1.14: Sketch of the coordination-based control strategy. T,” and N, refer to the
driver torque demand and the engine speed, respectively. A high-level controller block
takes place upstream the low-level controllers.

It is now required to determine the right coordination strategy. A control law
needs to be computed. For this purpose, a model of the cylinder filling process is
now developed in the following chapter which will permit to quantitatively relate the
cylinder quantities and the two low-level subsystems. This is done in the Chapter 3

and 4 respectively.
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Chapter 2

Cylinder filling model of internal

combustion engines

In this chapter, a general model for the filling of cylinders is presented. Follow-
ing the discussion of Chapter 1, one looks for a model representing internal masses in
terms of information from commonly available sensors: intake manifold thermodynam-
ics quantities (pressure and temperature), VVA actuator position and engine speed.
In particular, this discards approaches based on information from in-cylinder sensors
(such as pressure sensors). For the control methodology sketched in Chapter 1 and to
be exposed in details in Chapters 3 and 4, a model is required. In this chapter, such
a model using analytic expressions is proposed. The model proposed here is valid for
both SI and CI engines. Its structure and the identification of its parameters repre-
sent a contribution of importance for the following application chapters. The obtained
models are given in equation (2.18) for the SI case study and in equation (2.20) for the

CI case study respectively.

Two variables play important roles in the model: the in-cylinder air mass and the

in-cylinder composition.

A common air mass flow model (see e.g. [10, 24, 36]) is given by the speed-density
equation, which states that the mass of air flowing into the cylinders equals the volume
flow of the engine multiplied by the air density. Because the engine does not behave as
a perfect pump, the actual value of this flow is corrected by a volumetric efficiency 7,01,
which is a dimensionless coefficient measuring the breathing performance of the engine.
This coefficient is usually computed from steady-state measurements. Following the

previous discussion, the mean flow aspirated (in kg/s) from the intake manifold is
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Chapter 2. Cylinder filling model of internal combustion engines

modeled under the form

Pint Vd Nencyl

(2.1)
RTimt 2 % 60

. q t
mgslp = nvol(Nea Pmt)

where the volumetric efficiency 7, is a function of the intake manifold conditions. It
(almost exclusively) depends on the engine speed N, (in rpm) and the intake manifold
pressure P;,:. Here, mg;; is the mean port mass flow. 7Tj,; is the intake manifold
temperature. Vj is the displacement volume of the engine, n.,; the number of cylinders,
and R is the ideal gas constant. Integrating the signal over one engine cycle, the total

mass aspirated from the intake writes

int __ -inthGO
asp — masp Nencyl

m (2.2)
This model is only valid for fixed valve engines. In variable valve gear applications, the
modification of the valve lift profiles affects the cylinder breathing process. Figure 2.1
shows that any valve-timing change strongly impacts the volumetric efficiency on a VV'T
turbocharged SI engine. Besides impinging on the fresh air coming from the intake,
increasing the valve overlap (both valves being opened simultaneously) also increases
the internal recirculation of burned gases. For this reason, it is necessary to account
for the valve lift profiles (and their overlap) to model the cylinder filling (composed of

both the aspirated mass from the intake and the aspirated mass from the exhaust).
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Figure 2.1: Volumetric efficiency function of the intake manifold pressure, at constant
engine speed (1500 rpm), and different positions of the VVT actuators.

Some models of the in-cylinder aspirated air mass have been proposed in the litera-
ture for engines equipped with VVT actuators. In [73], a polynomial model is given for
a dual equal VVT SI engine. Besides addressing a different VV'T system than the one
considered here, the complexity of this model is too high for the application. In [29],

Jankovic et al. assume that the air flow rate in the VVT engine is an affine function
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of the intake manifold pressure (for a given engine speed and camshaft phasing). This
model does not account for the two independent VVT actuators that are considered
here. In [13] and [85], artificial neural networks are used for dual independent VVT SI
engines. These complex models are not easily invertible which is inconsistent with our
requirements. In [32], the aspirated mass is estimated thanks to a first principles model
based on the in-cylinder pressure estimated from an exhaust pressure sensor. On top of
the fact that this model appears very hard to calibrate, the use of the exhaust pressure
sensor is impossible in our case. As a result, none of the models from the literature can

be used in our approach.

Modeling the in-cylinder burned gas mass is a challenging issue, because it is difficult
to actually measure it. However, several models have been proposed. Various numbers
of inputs have been considered. For example, a model of the burned gas fraction using
in-cylinder pressure sensor is presented in [59] and in [64]. This sensor is not available
in the application. Fox et al. propose in [17] a model of the residual gas fraction using
exhaust pressure measurements. Although it is not directly usable here, this model,
which introduces the notion of overlap factor, has inspired our work. This model has
spurred strong interest in the community of engine modeling. Cavina et al. apply
this model to a VVT engine in [6]. In [62], some comparisons are made between these
models (in-cylinder pressure based models are of course more reliable). In [13], an
artificial neural network is proposed to estimate the in-cylinder burned gas mass and
the scavenged air mass using engine speed, intake manifold pressure and VV'T actuators

positions measurements. While accurate, this model is not usable in this case.

Here, in accordance to the requirements of the application (analytic model without
any in-cylinder sensor), a model for both the aspirated air and the burned gas masses
using only commercial sensors (engine speed, intake manifold pressure and VVA po-
sitions) is proposed. The model is based on first principles, and explicitly depends
on engine geometrical characteristics and valves lifts profiles. In this way, the model
is relatively versatile and can be used for many variable-valve-gear technologies and
many engines (either ST or CI). Its analytical expressions are also real-time computable
which is important for control applications. The model is built as follows. In Sec-
tion 2.1, a general model of in-cylinder aspirated masses from the intake and from the
exhaust is presented. In Section 2.2 and Section 2.3, this model is detailed on a tur-
bocharged double VVT SI and a VLD CI engines. Experimental results are given for

each application.
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Chapter 2. Cylinder filling model of internal combustion engines

2.1 General analytic cylinder filling model

Figure 2.2 details the notations: P, T" and m refer to pressure, temperature and
mass respectively. int, exh and cyl refer to intake manifold, exhaust manifold, and
cylinder, respectively. The in-cylinder variables are by definition the quantities at

int and mexh

intake valve closing (ivc). Finally, 7y, s

are the mean mass flows going

through the intake and the exhaust valves, respectively.

(a) Mass flows during the intake stroke. (b) In-cylinder quantities at
e,

Figure 2.2: Notation used in the cylinder filling model. In this section, all the intake
and exhaust manifolds thermodynamics quantities for the general model design are
used. It will be seen later that some exhaust quantities are in fact not measured in the
application.

There is no sensor in the combustion chamber to evaluate the contained quantities
of fresh air and burned gases. To calibrate and validate the model, it is needed to refer
to remotely measured variables. On a test bench, it is possible to measure the aspirated
mass (through the intake valve) under steady-state conditions. This information is given
by a mass air flow sensor (referred to as MAF) located at the intake of the engine. Then,

int

the aspirated mass coming from the intake, mgg),

(which can be composed of only air,
or be a blend of air and burned gases in case of EGR equipped engines), is expressed.
This mass is given by the difference between the total mass inside the cylinder at ive,

Meyl, and the aspirated mass coming from the exhaust, mgﬁg . One has

nt exh
masp - mcyl - masp (23)

Now, physical expressions of the two terms in the right-hand side of equation (2.3) are

given.
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2.1. General analytic cylinder filling model

2.1.1 In-cylinder total mass at intake valve closing

The in-cylinder mass at tvc can be easily obtained using the ideal gas law in the
combustion chamber. Note P, and Tt,; the thermodynamic conditions of the mixture

in the cylinder at ivc, one has
(2.4)

where R is the ideal gas constant, and Vj,. refers to the cylinder volume when the
intake valve closes. One should note that this last variable is sensitive to a variation of
the intake valve profile.

Now, it is assumed that the induction process is sufficiently long so that a pressure
equilibrium is reached between the intake manifold and the cylinder. This means that
the in-cylinder pressure, F.,;, can be approximated by the intake manifold pressure,
Pjnt. To account for the simplicity of this mean-value modeling, a correcting term «; is
included in the expression (in the same spirit as in Equation (2.1) where a volumetric

efficiency correcting term is used). This gives

Pint V;vc
RT,,

Meyr = a1

(2.5)

Remark 2.1.

If one considers the cylinder filling of a fired-valve-gear engine, i.e. without any as-
pirated mass from the exhaust, model (2.5) represents the classic relationship giving
the aspirated mass (see equation (2.2)). In this case, Vi, is a constant (value close
to the displaced volume Vy), and Ty is approximately equal to the intake temperature
(neglecting heat losses) because there is no hot exhaust gases recirculation. Finally, the

correcting term oy represents the volumetric efficiency (Myor ).

2.1.2 Aspirated mass coming from the exhaust

The aspirated gas mass coming from the exhaust is more complex to model than
the total mass. It can be divided into two terms. First, a part of the aspirated mass
coming from the exhaust is the quantity of gas flowing through both valves during the
overlap. It models either the back-flow of burned gases towards the intake runner or
the scavenged air towards the exhaust runner (depending on the sign of the pressure
difference between the intake and the exhaust runners). Secondly, the other part of the

aspirated mass from the exhaust is the exhaust gases remaining inside the cylinder or
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Chapter 2. Cylinder filling model of internal combustion engines

going back from the exhaust pipe into the cylinder'. Let us note mf;ﬁgrlap and mﬁﬁé‘
these two quantities, respectively. Then, one has
h h h
mgﬁp = mgierlap + mzic (26)

Mass of gas flowing through both intake and exhaust valves

The mass of gas flowing through both the intake and exhaust valves when the
crankshaft is close to the TDC (time when both valves can be opened together) is
now modeled. One notes P,, T;,, and P; the upstream and downstream pressures and
temperature (referring either to the intake manifold or to the exhaust), respectively.
Then, for all t € [tiyo, teve] (tivo and teye stand for the instant when the intake valve
opens and the exhaust valve closes respectively), the instantaneous mass flow of gas
through both valves is modeled by

el (t) = Area(t) - Y(Py(t), Pa(t), Tu(t)) (2.7)

overlap

where Area defines the common opening area of both valves, and the function ¥ models

the mass flow rate [24]. Explicitly, one has
w(PU(t)an(t)v T’u(t))

P\ | 2 Pat)\ 5 Pat)

Pu(t) <Pff(t)>7 \/y_ﬁ (1 - (PZ(t)) ' ) A B > e

\ RT,(t) < : )ﬁ
-

7+

—

, otherwise

where r. = (2/(y + 1))7/(7_1) denotes the critical pressure ratio. By integrating (2.7)

over the interval [tiyo, teve], One obtains

tE’UC

Wity = [ Arealt) (PO, Pa0). Tu(0)i (2.5)
tivo

To simplify this formula, mean values of pressure and temperature upstream and down-

stream the restriction during the overlap are considered. Note E, P;, T,, these mean

values. A change of variable is performed, by considering the crankshaft angle 6 instead

of the time variable ¢, dd = N, - dt. Then, (2.8) rewrites

__ Area (e

exh
P, P T,) =2 do
m (P, Pa )Ne ,

overlap —

ivo

!This depends on the eve position compared with TDC.
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2.1. General analytic cylinder filling model

where the term Area is the area between both valves (see Figure 2.3)

gevc

— 1
ATea = eemj_e’wo/e Area(e)de

Figure 2.3 gives a schematic representation of the overlap area Area.

A
Valve

opening
area

Exhaust valve

Area

- /} | il
ivo TDC eve Crz;r;l;slf:aft

Figure 2.3: Intake and exhaust valves opening areas as a function of the crankshaft
angle. Area is defined as the average opening area under both valves during the valve
overlap.

Finally, the overlap factor (following [17]) is introduced

GS/UC
OF = / Area(0)d (2.9)

91’1}0
Then, the mass of gas flowing through both the intake and exhaust valves during the

overlap is simply given by

OF
Ne

Mt U(Py, Pa, To)

overlap —

(2.10)

Remark 2.2.

Upstream and downstream thermodynamic variables either correspond to intake or ex-
haust quantities. Indeed, if the exhaust pressure is higher than the intake pressure, then
V(Py, Py, Ty) = Y(Pogh, Pint, Tezn). In this case, a positive flow may appear, i.e. some
gases from the exhaust are reintroduced in the cylinder. This models the discussed back-
flow process. Otherwise, when the intake pressure is higher than the exhaust pressure,

then 1 (Py, Py, Ty) = —(Pint, Pexh, Tint)- In this case, a negative flow may appear, i.e.
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Chapter 2. Cylinder filling model of internal combustion engines

some aspirated mass from the intake is directly driven to the exhaust. This models the

scavenging process.

The mapping ¥ is introduced as a function of the intake and exhaust manifold

pressures and temperatures

‘P(Pintp Pea:hp CZjinty Te:ph) - ( “ b e ) nt er (211)
_Qp(PiTLta Pea:ha Ent) s otherwise

Again, to account for the simplicity of this mean-value model, a term «s is added in

the expression which will be useful in the model calibration. Then, (2.10) becomes

OF

mgiﬁgrlap = OZZ\IJ(Pinta Peachv T%nh Texh)F (212)
e

Exhaust gas mass at exhaust valve closing

Similar to equation (2.4), the exhaust gas mass at evc can be easily obtained using
the ideal gas law in the combustion chamber. Noting P.,. and T¢,. the thermodynamic

conditions of the mixture in the cylinder at eve, one has

Pevc‘/evc
evc
RTevc

exh __

where R is the ideal gas constant and V. refers to the cylinder volume when the
exhaust valve closes. Note that this variable is sensitive to a variation of the exhaust
valve profile.

Again, the exhaust process is assumed to be sufficiently long so that a pressure
equilibrium is reached between the exhaust manifold and the cylinder. This means that
the in-cylinder pressure, P.,., can be approximated by the exhaust manifold pressure,
P..n. We also assume that the temperature of the exhaust gases in the cylinder, T¢,, is
equal to the temperature in the exhaust manifold, T,,,. To account for the simplicity
of this mean-value model, a correcting term a3 is included in the expression. This

parameter will turn useful in the calibration of the model. Finally, this gives

exh __ Pea;h Vvevc

= 2.13
eve as RT.., ( )

m

2.1.3 Aspirated mass through the intake valve

The aspirated mass coming from the exhaust is the sum of the mass of gas going

through both intake and exhaust valves during the overlap (2.12) and the exhaust gas
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2.2. Cylinder filling model for turbocharged VV'T SI engines

mass at eve (2.13). Then, (2.6) gives

OF P..1,V.
mexh = O‘Z\II(Pimh Pemin ﬂnh Texh)i + QSM
RTerh

asp N (2.14)

One can now compute the aspirated mass coming from the intake. Substituting (2.5)
and (2.14) into (2.3) yields
Pint‘/;vc OF Pe:vhv:?vc

— @2 ¥(Pint, Peah, Tin, Tea:h)E B a3RT7&'L‘h

int

asp RTcyl

m (2.15)

Finally, the in-cylinder temperature at ivc, Tt,;, is modeled as the mass-weighted aver-
age of the temperatures of the flows contributing to the trapped mass mg, (assuming

that all the specific heats are the same for air and burned gas)

int h
Tcylmcyl = Entngp + Tea:hmg;p (216)

exh

Replacing respectively m.,; and mgg) by their expressions (2.5) and (2.14) and using

model (2.16) into (2.15), one can obtain the aspirated mass from the intake as a function

of intake and exhaust manifold thermodynamic conditions, engine speed and valve-gear

int -Pint ‘/ivc

=« OF Teup, _ PeanVeue
“P " R

- QQ\II(-Pinta Pexha Enta Tezh)i

m a3————
Ne 7Wimf RT%nt

(2.17)

Together with (2.14), this last equation (2.17) is the general model considered for the

cylinder filling process.

2.2 Cylinder filling model for turbocharged VVT SI en-

gines

In this section, the general model (2.14)-(2.17) is further detailed for the case of
turbocharged SI engine equipped with double VVT actuators. Analysis of the impact
of the VV'T actuators on the intake process is made using a reference high frequency
simulator. Then, the model of the masses is presented and some experimental results

are given. This model uses only commonly available sensors, at the expense of a
simplification of (2.14)-(2.17) which is detailed.
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Chapter 2. Cylinder filling model of internal combustion engines

2.2.1 High frequency analysis

To highlight flows exchanges between the intake and exhaust manifolds and the
cylinder, we use a reference high-frequency simulator developed on an Amesim™ plat-
form [12]. Figure 2.4 presents simulated mass flow rates for two positions of the intake
VVT actuator (large and small overlap, see Figure 2.4(a)) for two engine operating

points (low load and high load).

Figure 2.4(b) reports instantaneous cylinder flows going through the intake and
exhaust valves for a 0.4 bar mean-value intake manifold pressure and a 1.1 bar mean-
value exhaust manifold pressure. In the case of a small overlap, intake and exhaust
processes are completely decoupled, i.e. there is no gas exchange between the intake
and the exhaust manifolds. There is no IGR at that operating point. In the case of a
larger overlap, intake and exhaust processes are not decoupled any more. Because of
the low value of the intake manifold pressure (referring to low load), some exhaust gases
previously expelled towards the exhaust are reintroduced into the cylinder, and a part
of it goes through the intake valve towards the intake runner (see the negative mass flow
through the intake valve). This is the back-flow phenomenon discussed in Section 1.2.3.
In the proposed model (2.17), the second term represents this phenomenon. The higher
the pressure difference between the intake and the exhaust manifolds is, the higher the
quantity of burned gases reintroduced in the cylinder is and the lower the aspirated
mass from the intake (function ¥ increases) is too.

Figure 2.4(c) shows cylinder flows for a 2 bar mean-value intake manifold pressure,
and a 1.8 bar mean-value exhaust manifold pressure. The main differences for both
intake and exhaust mass flow rates can be observed during the overlap phase. The
intake and exhaust mass flows are larger when the overlap is positive: fresh air goes
directly from the intake to the exhaust manifold. This is the scavenging phenomenon
discussed in Section 1.2.3. In the proposed model (2.17), the second term also accounts
for this phenomenon. The higher the pressure difference between the intake and exhaust
manifolds is, the higher the quantity of fresh air scavenged directly towards the exhaust
and the aspirated mass from the intake (function ¥ is negative - see (2.11) - and its

absolute value increases) are.

2.2.2 Aspirated masses mean-value model

In view of applications, the developed models have to only use commercial sen-
sors, and, further, must be real-time computable. However, the exhaust thermody-

namic variables (which are not measured on a vehicle) are used in the computation of
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Figure 2.4: Amesim*™ simulator results. Instantaneous flows through intake and ex-

haust valves for two different valve overlap at part and high load.

model (2.14)-(2.17). This lack of information can be compensated for by the three tun-
ing parameters (a1, ag and «a3) that we chose to be functions of the engine speed and
the intake manifold pressure. Using models (2.14) and (2.17), the mean-value model of

the aspirated masses from the intake and the exhaust writes

) Pt Vive(®; OF(® — O,
mirt = ay (N, PMW — (N, Pr) 2 N int)
in e
- 043(Ne, P’int)‘/evc(q)exh) (218)

OF ((I)each - (I)mt)
N

m?ﬁg = a2(N67 Pint)

+ aS(N67 -Pint)‘/evc(q)emh)
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Chapter 2. Cylinder filling model of internal combustion engines

where a1, ag and ag are functions of the intake manifold pressure P;,;, and the engine
speed N.2. Here, Vj,. is the cylinder volume at ivc, which is a function of the intake
valve timing, ®;,;. Similarly, V... is the cylinder volume at evc. It is a function of the
exhaust valve timing, ®.,,. At last, the overlap factor OF is a function of both the
intake and the exhaust valve timings, ®;,; and ®.,p (see (2.9)). These three functions
are completely known because they are functions of the valve-gear profiles and of some

available engine geometrical data. These functions are pictured in Figure 2.5.
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(a) In-cylinder volume at ive. (b) In-cylinder volume at evc. (¢) Overlap factor.

Figure 2.5: Modeling parameters functions of the VVT actuators positions.

Figure 2.6 illustrates the various effects accounted for by the cylinder filling model.

Summary of the model simplifications Simplifications have been made from the
models (2.14)-(2.17) to the model (2.18). They are now detailed for sake of clarity.
In the second term, the ¥ function has been removed because no exhaust pressure is
measured. It is now lumped in the ao term. A similar simplification has been made

in the third term. Another difference is that the aspirated mass from the exhaust,

exh
asp>

from the intake multiplied by the ratio Tjp:/Te.p (following faithfully the model (2.14)).

m should be equal to the sum of the second and third terms of the aspirated mass
In (2.18), because the exhaust temperature measurement is missing, this ratio cannot
be computed. As a result, the modeled aspirated mass from the exhaust is higher than
it is in reality (because the exhaust temperature is always higher than the intake one).
However, an exhaust temperature model based on combustion modeling could be used
in the case when the absolute burned gas quantity value is necessary. Later-on, we will
see that this information is necessary for CI engine applications since the in-cylinder
temperature is an important variable for the combustion. This is not really the case in

SI engines.

2These two variables being the available measurements which characterize the operating point in
fixed-valve timing SI engines (see the classical speed-density equation (2.1)).
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Athmospheric case
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Figure 2.6: Cylinder filling process under atmospheric and turbocharging conditions.
1: Intake valve opens. 2: Both intake and exhaust valves are open, back-flow of
burned gases (respectively scavenging of fresh air) can be observed in the atmospheric
(turbocharging) case. 3: exhaust valve closes, the rest of the cylinder volume is filled
with intake fresh air. 4: end of the intake stroke (notice that part of the aspirated
air mass is not contained in the cylinder in the turbocharging case because of the
scavenging phenomenon).

Remark 2.3.

The total mass of air contained in the cylinder at ivc is equal to the aspirated mass from
the intake. Indeed, the aspirated air mass from the intake, mfgg, s only composed of
fresh air since the engine under consideration is not equipped with any EGR capability.

Also, the aspirated air mass from the exhaust, nggg, 18 only composed of burned gases

because of the stoichiometric combustion in SI engines.
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2.2.3 Experimental data

The representativeness of the proposed model (2.18) needs to be evaluated compar-
ing to real data. The engine under consideration is a 1.8L four-cylinder SI engine using
direct injection and homogeneous combustion. The air path consists of a turbocharger
and two VV'T devices, for intake and exhaust valves. This engine is of the type pictured
in Figure 1.4.

To calibrate and validate the model, an extended range of operating points has
been studied. The measurements cover engine speeds from 750 rpm to 3000 rpm, from
zero to full load. The VVT positions are selected on an equally spaced 9 x 9 grid (see
Table 2.1). Steady state tests have been conducted for each combination, producing

results for a total of more than 3000 test points.

Data Unit Operating range Step size
Engine speed rpm 750 to 3000 500
Intake manifold pressure bar 0.4 to 2 0.2
Intake VVT actuator position deg 0 to 40 5
Exhaust VVT actuator position  deg 0 to 40 )

Table 2.1: Test bench data.

For each operating point, the aspirated mass determined from the air-flow meter
(MAF) information is stored. To obtain the aspirated mass from the MAF sensor, the
signal is integrated over one engine cycle

2 x 60
Nencyl

MMAF = MMAF (2.19)

2.2.4 Model calibration

The three look-up tables oy, ae and ag appearing in (2.18) are determined as fol-
lows. Each point of the look-up tables (constant intake manifold pressure and constant
engine speed) is obtained by fitting model (2.18) on experimental measurements (2.19),
through a classic least-squares linear regression. Only 3 intake and exhaust VVT actu-
ators positions are considered, i.e. 9 combinations for each engine working point (the
rest of the experimental points will be used for the model validation). From (2.18), one
can note

y=A«x
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2.2. Cylinder filling model for turbocharged VV'T SI engines

with
marar (1) aq
Yy = R , o= s and
marar(n) as

POl Ball) OFULI=l) V(8,501

int (1) Vive(Rint (N O exh () —Pint(N
Post %?znt((i) 1) e h(N)e — Vvevc(q)exh(n))

where n defines the number of experiments for each operating point (here, n = 9,
number of combinations of VVT actuators positions). Finally, look-up tables oy, as

and a3 are obtained using the pseudo-inverse
a=(ATA) ATy

Figure 2.7 presents the obtained results. The three look-up tables are smooth. De-
pending on the operating point under consideration, the second parameter as is either
negative or positive. This is because the function ¥ defined in (2.11) (which is here
included in parameter aw) is positive when the pressure difference between the intake
and exhaust manifold is negative, and, on the other hand, is negative when the pres-
sure difference is positive (see Figure 2.7(b)). These observations are consistent with
the discussion of Section 2.2.1. Notice also that the coefficient o is consistent with a

classic volumetric efficiency look-up table (see Figure 2.7(b)).

2500
2000
1500

1500 20

Pyt (bar) %8 1000

05 1000 N, (rpm)

N. (rpm)

(a) Look-up table a;. (b) Look-up table as. (c) Look-up table as.

Figure 2.7: Look-up tables for the cylinder filling model parameters.
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Chapter 2. Cylinder filling model of internal combustion engines

2.2.5 Comparisons with experimental data

Figure 2.8 shows the representativeness of the model on experimental data on a par-
ticular engine operating point (N, = 2000 rpm and P;,,; = 0.6 bar). Figure 2.8(a) repre-
sents intake and exhaust VV'T actuators variations realized at this working point. Fig-
ure 2.8(b) compares the aspirated mass from the intake coming from the MAF sensor
(reference bench data) and the model (2.18). To highlight the relevance of the three
terms, the figure compares three model structures of increasing complexity. The first
one (green curve) is obtained using only the first term of model (2.18). It corresponds
to a classic model of the aspirated air mass (2.1), a; being the volumetric efficiency. It
does not capture any VVT actuator variation. The second one (black curve) incorpo-
rates the overlap term in the modeling. Here, the major trends are captured. When
the overlap increases, the aspirated air mass decreases. Adding the third term in the
model (red curve) permits to capture all the variations. Indeed, when the exhaust valve
closes before the TDC (VVT actuator position being near to zero), some exhaust gases

remain trapped inside the cylinder. This reduces the aspirated air mass.

N
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w
o

=
o

—— Intake VVT
Exhaust VVT
21

10 20 30 40 50 60 70 80
Point number)

o

I i i i

VVT actuators positions (deg)
N
o

(a) VVT actuators positions.

B —— bench data
= 160f| —e— model (first term)

—o— model (first term + second term)
——— model (first term + second term + third term)

120 T T T T T i i i
10 20 30 40 50 60 70 80

Point number

(b) In-cylinder aspirated mass from intake.

Figure 2.8: Comparison between modeled and experimental aspirated air mass. Con-
stant engine operating point (P, = 0.6 bar and N, = 2000 rpm), intake and exhaust
VVT actuators positions variations.
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2.3. Cylinder filling model for VLD CI engines

Figure 2.9 compares model (2.18) against experimental data on the whole data set

(see Table 2.1). The maximum relative error is less than 5%.
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(a) Comparisons between modeled and experimental aspirated air mass.

Relative error (%)

Il
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(b) Relative error.

Figure 2.9: Comparisons between modeled and experimental aspirated air mass over
more than 3000 points (P, from 0.3 to 2 bar, N, from 750 to 3000 rpm and all intake
and exhaust VVT actuators positions).

By contrast with the aspirated mass from the intake, the aspirated mass from the
exhaust, mgﬁg, is almost impossible to measure. Yet, its effect on pollutants can be
observed, and provide indirect information. Representativeness of the model is high-

lighted in Figure 2.10. When the estimated quantity of burned gases in the cylinder

exh

asp 1s only composed of burned gases because of the stoichiometric combus-

increases (m
tion), at constant torque (constant in-cylinder air mass), NO, emissions are lowered.

This decrease is consistent with the experimental results reported in [24].

2.3 Cylinder filling model for VLD CI engines

In this section, the general model (2.14)-(2.17) is considered for a CI engine equipped
with exhaust VLD actuator allowing a second lift of the exhaust valve during the intake

process. It is first analyzed the impact of the VLD actuator on the intake process using
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Figure 2.10: Experimental NO, emissions function of estimated aspirated mass from
the exhaust at constant torque. Emissions decrease with the increase of the in-cylinder
burned gas fraction [24].

a reference high frequency simulator, and, then, the model of the masses is presented

and simulation and experimental results are given.

2.3.1 High frequency analysis

To highlight flows exchanges between the intake and exhaust manifolds and the
cylinder, we use the reference high-frequency simulator developed on the Amesim™
platform [2] again. Figure 2.11 represents the instantaneous flows going in and out of
the cylinder, during exhaust and intake phases. Intake and exhaust valves lifts profiles
are given in Figure 2.11(a). Using the VLD actuator permits a large re-opening of the
exhaust valve. Figure 2.11(b) shows that, before the TDC, in-cylinder residual gases
are expelled towards the exhaust runner (negative flow). Then, the intake valve opens,
and the exhaust valve re-opens while the piston begins to go down. Fresh mixture

is aspirated into the cylinder through the intake valve. Meanwhile, exhaust gases are

re-aspirated into the cylinder, through the exhaust valve.

2.3.2 Aspirated masses mean-value model

As for the SI application in Section 2.2, the designed model for the CI application
has to only use commercial sensors, and has to be consistent with real-time require-
ments. In this application, besides measuring the engine speed, the intake pressure
and temperature and the VLD actuator position, the pressure in the exhaust manifold
is also measured. The missing exhaust temperature could be compensated for by the
tuning parameters as was done in the SI application. However, the aspirated mass from
the exhaust permits estimation of the in-cylinder burned gas rate which is an essential

variable for CI engine control purpose. It is then necessary to estimate the exhaust
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2.3. Cylinder filling model for VLD CI engines
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(b) Instantaneous flows going in and out of the cylinder.

Figure 2.11: Amesim™ simulator results. Instantaneous flows through intake and

exhaust valves for a large exhaust valve re-opening.

temperature. Such a model will be presented in Section 4.1.2. Using models (2.14)

and (2.17), the model of the aspirated masses from the intake and the exhaust writes

) PV PoonVeve(P
it — ) (Np) —LZVE (N, ) —Cthcvel Zold) coc(Poid)
P RTjm RTny (2.20)
exh __ Pe:chvevc(q)vld)
meey = @o(Ne) —————
asp R T R

where a1 and a9 are functions of the engine speed, N.3. V.. is the cylinder volume
at exhaust valve closing (evc). It is a function of the VLD actuator, ®,;4. Again, this
function is completely known because it is a function of the valve-gear profiles and some
engine geometrical data. It is pictured in Figure 2.12.

Figure 2.13 pictures the various effects accounted for in the cylinder filling model
(2.20). It is clear that some simplifications have been made between models (2.14)-
(2.17) and model (2.20). Indeed, we have neglected the second term of model (2.17),

considering that the aspirated mass coming during the overlap is negligible (because

3The terms a; and s can also be functions of the intake or exhaust pressure. However, since we
only consider part load in the study, the intake and exhaust pressures are near to the atmospheric
pressure, and are not considered in the present calibration of a; and as.
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Chapter 2. Cylinder filling model of internal combustion engines
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Figure 2.12: Modeling the V.. parameter function of the VLD actuator position.

the pressure difference between intake and exhaust manifolds is almost null at low load

in CI application).

exh
Masp

Valves lifts

Crankshaft
i

Figure 2.13: Cylinder filling process. 1: piston is at TDC, end of the exhaust stroke. 2:
piston starts to go down, both intake and exhaust valves open, gases are admitted from
both sides. 3: exhaust valve closes, the rest of the cylinder volume is filled with intake
mixture (fresh air and burned gases from EGR). 4: end of the intake stroke, total in-

cylinder mass of gas at ivc, mey, is equal to the aspirated mass from the intake, mf{;;,
exh

plus the mass of gas coming from IEGR, mgg;.

Remark 2.4.

Contrary to the SI engine case, both the aspirated masses from the intake and from
the exhaust valves are composed of air and burned gases. Indeed, EGR brings burned
gases towards the intake, and lean combustion allows presence of air in the combustion

residual gases.
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2.3. Cylinder filling model for VLD CI engines

2.3.3 Experimental data

Representativeness of the model (2.20) is investigated using real data. The engine
under consideration is a 1.6L four-cylinder CI engine. The air path consists of a tur-
bocharger, a LP EGR capability, and a VLD device allowing a second exhaust valve
lift.

To calibrate and validate the model, an extended range of operating points has
been studied. The measurements cover engine speeds from 800 rpm to 2500 rpm,
under zero to partial load. The VLD position is selected on an equally spaced mesh
(see Table 2.2). Steady state tests have been conducted for every possible combination,

producing results for a total of more than 150 test points.

Data Unit Operating range Step size
Engine speed rpm 800 to 2500 500
IMEP bar 2to6 1
VLD actuator position deg 0 to 40 )

Table 2.2: Test bench data.

Again, for each operating point, the MAF information is captured. To obtain the
aspirated mass from the MAF sensor, the signal is integrated over one engine cycle (as

in Equation (2.2)),
2 x 60

Nencyl

MMAF = MMAF (2.21)

2.3.4 Model calibration

Similarly to Section 2.2.4, the two look-up tables a; and ao are determined as
follows. Each point of the look-up tables (constant engine speed) is obtained by fit-
ting model (2.20) on experimental measurements (2.21), through a classic least-squares
linear regression. Omnly three VLD actuator positions per engine working point are

considered. From Equation (2.20), one can note

y=Ba«a
with
Pint(l)v;'vc Pez (1)V€UC(¢"D (1))
marar(1) - BT (1) h RTezh(l)ld
Q3 Pint(n)Vie Peyn(n)Veve(Pyra(n
marar(n) Rit“fnt)(n) h(]%Temh((n)ld( .
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Chapter 2. Cylinder filling model of internal combustion engines

where n defines the number of experiments for each operating point (here, n = 3,
which is the number of VLD actuator positions). Finally, look-up tables oy and a are

obtained from the pseudo-inverse
a=(BTB)"'BTy

2.3.5 Comparisons with experimental data

Figure 2.14 compares model (2.20) against data measured at test bench for varying
IMEP and VLD actuator positions at constant engine speed (1500 rpm). Figure 2.14(a)
and Figure 2.14(b) represent VLD actuator and IMEP variations respectively. Fig-
ure 2.14(c) and Figure 2.14(d) represent modeled and measured aspirated mass from
the intake, and the modeled aspirated mass from the exhaust, respectively. One can
note the influence of the in-cylinder volume at evc (see Figure 2.12). Indeed, when
the second exhaust valve lift increases (VLD actuator position increases), the available
volume for residual gases increases too, and, in turn, the aspirated mass coming from
the intake decreases. Note that there is a very weak influence of the IMEP variation
on the aspirated mass. Actually, the intake and exhaust pressures are relatively close
to the atmospheric pressure (for these engine operating points), and, then, do not have
any impact on the cylinder charge. On the other hand, IMEP variations have a non-
negligible impact on the exhaust temperature, and, then, on the aspirated mass coming

from the exhaust.
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(c) Comparisons between modeled and experimental (d) Aspirated mass from the exhaust.
aspirated mass from the intake.

Figure 2.14: Comparisons between modeled and experimental aspirated mass at con-
stant engine speed (1500 rpm).
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2.4. Conclusion

Figure 2.15 compares the model (2.20) against experimental data on the whole
data set (see Table 2.2). A vast majority of the tested operating points have maximum

relative error under 5%.
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(a) Comparisons between modeled and experimental aspirated mass.
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Figure 2.15: Comparisons between modeled and experimental aspirated mass over
about 150 points (IMEP from 2 to 6 bar, N, from 800 to 2500 rpm and all VLD
actuator positions).

The aspirated mass model (2.20) will be used later-on to estimate the in-cylinder
BGR which is a key control variable for CI engine control. This modeling, taking
into account the intake manifold BGR (brought by the external EGR circuit), will be
discussed in Chapter 4. To check the model consistency, one may analyze the NO,
emissions when the in-cylinder BGR is varied. Figure 2.16 presents the NO, emissions
as a function of the in-cylinder BGR for different intake manifold BGR levels at constant

engine speed.

2.4 Conclusion

In this chapter, two (static) models have been derived for the cylinder filling phe-
nomenon in SI (Eq. (2.18)) and CI (Eq. (2.20)) engines, respectively. They use the
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Figure 2.16: NO, emissions function of the in-cylinder BGR, for different intake man-
ifold BGR levels, Xj,¢, at constant engine speed (2000 rpm).

intake and exhaust manifold quantities, and stress the role of the valve lift profiles.
The aspirated mass model consists of three terms. The first term expresses the classi-
cal speed-density relationship used in fixed-valve gear engines. The second term models
the impact of the gas exchange between both intake and exhaust manifolds while the
two valves are simultaneously open (overlap). Finally, the third term models the impact
of the residual gases coming from a variation of the exhaust valve closing.

Two cases of study have been analyzed: a double VVT equipped SI engine, and a
second exhaust valve re-opening capability CI engine. These analytic models involve
look-up tables that are obtained through classic identification procedures from test
bench data. Once these models, which stem from first principles, are calibrated, they
can be used to predict the mass flow rates of fresh air and burned gas aspirated into
the cylinder for any valve gear, using only commonly available sensors (intake mani-
fold pressure and temperature, engine speed and positions of the variable valve gear
actuators). Extensive experimental results have stressed the representativeness of these
models in the two cases under consideration in this thesis (SI and CI engines).

In the next two chapters, this cylinder breathing model is used to quantitatively

determine a cylinder filling control strategy.
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Chapter 3

Case study 1: VVT turbocharged

SI engines control

In this chapter, a controller is proposed to handle air path transients of a (general)
VVT equipped SI engine, taking into account the various, and, as discussed in Chap-
ter 1, inconsistent in terms of speed of convergence, dynamics present in the system.

The considered engine setup is pictured in Figure 3.1.

Py
Tntercooler i |
l N — Compressor
Intake VVT Exhaust VVT
actuator
Throttle /
0
th Turbine

z ; \
V e

Wastegate l

i

Figure 3.1: Schematic illustration of a turbocharged, VVT-equipped SI engine. The
intake manifold pressure and temperature P;,; and T;,; and the downstream compressor
pressure Py, are measured by sensors. #;, is the angular position of the throttle, ®;,+
and P, are the positions of the VVT actuators.
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Chapter 3. Case study 1: VV'T turbocharged SI engines control

In SI engines, the engine torque output is directly related to the fresh air charge
contained in the cylinder’. It is then absolutely necessary to manage the aspirated air
mass well. In the literature, controlling the aspirated air mass in presence of VVT
actuators has been addressed as follows. In [61], the invention considers control of
the valve timing in presence of a cylinder pressure sensor, which is not the case in
the application. In [71], the invention corrects the value of intake valve closing when
the intake manifold pressure is considered as erroneous (sensor default). In [25, 74], a
dynamic camshaft-scheduling technique based on throttle position and engine speed has
been presented. A torque response similar to that of a fixed-valve-timing engine can be
obtained. In [26, 27, 30], VVT actuators are seen as a disturbance of the in-cylinder air
mass control. This disturbance is taken into account in the throttle control strategy.
In these approaches, valve-timing devices are seen as a static function of the engine
operating point. Specifically, a direct compensation of VV'T positions is performed by
means of the throttle. This strategy is relevant under atmospheric conditions, but does
not address the case of turbocharged conditions.

As previously mentioned, in these approaches from the literature, the VVT actua-
tors are seen as disturbances, and are not part of the control strategy. However, using
this left-over degree of freedom for controlling an extra control objective could be use-
ful in an attempt to move forward in the direction of combustion control. In [80], the
invention is about compensating the presence of burned gases by changing the intake
valve closing timing in a camless engine (the intake pressure is equal to the atmospheric
value because of the absence of any throttle or turbocharger). This application is differ-
ent from the one under considertion in this work that uses slower hydraulic cam timing
actuators. Moreover, in the case under consideration in this thesis, the cylinder filling
is also impacted by the intake manifold pressure. In [14], it is proposed to control the
so called Internal Gas Recirculation (IGR) mass. Certainly, the IGR mass is equiva-
lent, at steady state, to the VVT actuator positions. Instead of the VVT positions, the
high-level control objective should be the IGR mass, because it directly impacts on the
combustion, and, therefore, on pollutant emissions.

To address an accurate control of the in-cylinder quantities, the model presented
in the previous chapter is now used. It permits the relation of the high-level control
variables (aspirated air mass and IGR mass) and the low-level variables (intake manifold
pressure and VVT actuators positions). The proposed strategy coordinates the two low-
level control subsystems to improve the overall performance. When the VV'T actuators
are slow, the controller adjusts the intake manifold set point to speed up the air-feeding

process, so that the aspirated air mass is satisfied. Conversely, under turbocharging

! Assuming a tight stoichiometric air/fuel ratio and spark control loop.
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3.1. Model properties

conditions, the controller uses the VVT to compensate the slow response of the intake
manifold pressure due to the turbocharger inertia, so that the IGR mass objective
is reached. Interestingly, accelerating the response of the IGR mass also accelerates
the response of the aspirated fresh-air mass (by increasing the scavenging process).
Explicitly, set points for the two low-level controllers are determined in real time, based
on measurements of the intake manifold pressure and the VV'T actuator positions. It
is important to note that the same control strategy operates under both atmospheric
and turbocharging conditions, even if the fast and slow variables of the system are not
the same in these two operating areas. Difficulties arising while changing the operating

area are also considered. This model-based controller is now detailed.

3.1 Model properties

The proposed controller is derived from the engine breathing model (2.18) of Chap-
ter 2. The variables of interest (the aspirated air mass, mgsp, and the IGR mass,

nt and m&". Indeed, for this SI

Migr) are the two outputs of the model (2.18), myy, e

engine application, there is no external EGR, thus the gases flowing into the cylinder
through the intake valve are only composed of fresh air. Further, because the combus-
tion is maintained near stoichiometry, the exhaust gases are only composed of burned
gases. Figure 3.2 presents the input variables of the breathing model. Notice that the
IGR mass variable represents either the in-cylinder burned gas mass when the engine
is operating under atmospheric conditions, or the scavenged air mass when the engine

is operating under turbocharged conditions.

Figure 3.2: SI engine control variables as a function of cylinder bounding conditions.
Masp and m;g, are the control targets. P, ®ine and @y, are the “actuators”.

The global model consists of a static relationship expressing the aspirated air mass
and the IGR mass as functions of the outputs of dynamical systems governing the

intake manifold pressure and the VVT actuators positions (see Figure 3.3).
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Figure 3.3: Scheme of the system modeling. Intake pressure and VVT actuators posi-
tions set points are the inputs of dynamical systems. Note that VVT actuators have
an impact on the intake manifold pressure dynamics. The quasi-static cylinder filling
model give aspirated and IGR masses.

3.1.1 Intake manifold pressure and VVT dynamics
Intake manifold pressure

Under atmospheric conditions, the throttle can be used to (almost instantly) control
the intake manifold pressure. Under turbocharged conditions, the throttle is wide open,
and the intake manifold pressure equals the downstream compressor pressure minus
negligible pressure losses. In this latter regime, the dynamics of the intake manifold
pressure depends on the turbocharger inertia. Its control is achieved by actuating the
wastegate.

No details are given for modeling. The intake manifold dynamics has been largely
described in the literature (see [26], [16] or [60] for example, also recalled in Ap-
pendix A). Here, it is simply assumed that, thanks to a well-designed controller, the
dynamics of the intake manifold pressure follows a first-order dynamics with a response
time depending on the engine operating point and the VVT actuators positions. This
is a very reasonable assumption. The pressure dynamics (representing both system and
controller dynamics) reads

Pint - SO(Pinty cI)z'nta (I)ezhv Psp) (31)

wnt

The static gain between P;,,; and Pfﬁ’; is equal to 1 (i.e. the intake pressure controller is
efficient and yields zero static error). It is now mathematically formulated two physical
properties of the intake manifold system and the impact of the VVT onto it. First,
stability and time constant boundedness of the intake manifold pressure system are
assumed. In details, it is assumed that there exist two positive constant parameters A
and \ such that

—)\<5 = — <=-A<0 3.2
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3.1. Model properties

Roughly speaking, A and X represent the settling time corresponding to the two operat-
ing areas. Notice that the turbocharger dynamics highly depends on the engine speed.
Settling time variations can be of order of 5 between the two operating areas.

Further, it is also assumed that the VVT actuators have limited impact on the
pressure dynamics. For this, two constant parameters d; and J. are introduced such
that

Oy

exh

< e (3.3)

D
8q)imf

< ¢; and H

As will be discussed later in Section 3.3, these two assumptions (3.2) and (3.3) are

consistent with observed behaviors.

VVT actuator positions

VVT actuators are hydraulically actuated (see [19] for a complete description of
such systems). Their dynamics depends on the internal oil pressure and temperature
(see [8], [18]). Therefore they are controlled in a closed loop. Their positions ®;,; and
®.,; are measured by sensors.

Classically, the VVT actuators are modeled as first-order systems with response
times depending on the engine operating point. Then, the dynamics of the VV'T actua-
tor positions (representing both system and controller dynamics) can be written under

the following form

‘i’mt = Wi(‘I’mt, (I)fﬁt)

" (3.4)
Depp, = ne(q)exhv (I)each)

The static gains between ®;,,; and @7, and between @, and q):zh, respectively, are
assumed to be equal to 1 (i.e. that both the intake and the exhaust VVT controllers are
efficient and yield zero static error). Again, stability and time constant boundedness of
the VVT actuators systems are assumed. For this, it is assumed that there exist four

positive constant parameters p;, i, jte, and fie such that

i o
TS e = o < <0

0 0D, )
_ 8776 . 8176 '

< —pe <0

o< - _
He =90, ~ oo, = ke

These inequalities allow to bound the nonlinearities of (3.4). Contrary to the intake

manifold pressure, VVT dynamics is about the same over the whole engine operating
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Chapter 3. Case study 1: VV'T turbocharged SI engines control

area (for a given oil temperature).

3.1.2 Breathing model

The quantities of aspirated fresh air and IGR at each stroke are determined by the
thermal conditions of the intake manifold (pressure, P, and temperature, Tj,;), the
engine speed, N, and the positions of the VV'T actuators, ®;,; and P, respectively.
Detailed models have been presented in Section 2.2.2 and are recalled below (3.6).
These allow determination of the aspirated air mass, and the IGR mass using engine

geometrical parameters

Pintvivc(q)int) OF((Dea:h - (Dznt)

Masp = QIT — Q2 N - 043‘/;2vc(q)eazh)
wmn e (36)
OF(® — &,
Migr = Q2 ( €$]<7«[ ’Lnt) + a3%vc(®ewh)
e

where a1, ag, and ag are known functions of Pj,; and N, (this dependency is omitted
for sake of conciseness). Vj,. is the cylinder volume at intake valve closing (ivc). It is
a function of the intake valve timing, ®;,;. Similarly, V... is the cylinder volume at
exhaust valve closing (evc). It is a function of the exhaust valve timing, ®.,p. Finally,
the overlap factor (OF) is a function of both the intake and the exhaust valve timings,
D, and Py,

3.1.3 Breathing model properties

Let Qg Qo

the intake VVT actuator position, exhaust VVT actuator position, intake manifold

Qp, Qusp, and Qg be the sets of practically feasible values of

int? exh?

pressure, air mass, and IGR mass, respectively.

Using (3.6), functions f : R® — R and g : R® — R are defined such that?

masp £ f(Pint7 (bint; q)ea:h)

) (3.7)
Migr = g(Pint; (I)int7 (I)e:ph)

Owing to the structure of a1, as, ag, OF, Vj,., and V. as functions of Pj,¢, ®int, and

D1, the following three partial-invertibility assumptions hold.

2Notice that we do not mention the dependency on the engine speed and the intake manifold
temperature for sake of conciseness.
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3.1. Model properties

Proposition 3.1.
For all (®int, Peah, Masp) € Qa,,,, X Qa,,;, X Qair, there exists a unique Piy € Q, such
that f(Pint, Pint, Pexn) = Masp. The inverse function F' : Qg , X Qa__, X Qair — Qp

int

is defined such that for all (®int, Pean) € Qa,,, X Qa5
f(F((I)WLt) q)e:chv masp)a CDinta (I)ez‘h) = Masp (38)
Proof 3.1.
Let ¢ : R* x R — R be a class C' mapping such that ((®int, Pexh, Masp, Pint) =
F(Pint, ®int, Pezh) — Masp. By  definition, there exist a  point

(@?nt,égxh,mgsp,ﬂ%t) € W where W is an open set of R* such that
(DY, @2, md.,, Ph,) = 0 (reference steady-state point). This shows that at

every engine operating point,

9¢
OF;
int q;?nt Y 0 po

exh Masptint

£0

Physically, this means that the variation of the aspirated air mass in response to
a variation of the intake manifold pressure is never null. Then, from the implicit
function theorem, there exist an open set U = Qg

X Qo X Qgir C R3, an open

int exh

set V =, C R, and a class C' mapping F : U — V such that

o for all (Pint, Pegn, Masp, Pint) € U x V, one has
C(q)intv (I)exha Masp, Pmt) =0 = Pint — F((I)inta q)e:r;ha masp)
o for all (Pint, Pegn, Masp) € U, one has

C(q)intv (bexiu Masp, F((I)inta q)ezha masp)) =0

Then, from the definition of the function (, the proposition follows. |

Similarly, the two following propositions follow from the same reasoning.

Proposition 3.2.

For all (Pint, ®exh, Migr) € Qp x Qo
9(Pint, Pint, Pean) = mMigr. One can define the inverse function G; : Qp x Qg,,, X
Qigr — Qa,,,, such that for all (P, Pegn) € Q) X Qo

X Qigr, there exists a unique @iy € R such that

exh

int exh’

Q(Pinta Gi(Pmt, (I)ezha migr)a Qewh) = Mgy (39)
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Figure 3.4: Numerical investigation of the sufficient condition for applying the implicit
function theorem at each engine operating point.

Proposition 3.3.

For all (Pint, ®int, Migr) € 2 x Qo
9(Pint, ®Pint, Pegn) = Migr. One can define the inverse function Ge : ), x Qg,,, X
such that for all (Pipt, Pint) € Qp X Qo

X Qigr, there exists a unique P, € R such that

int

int?

Qigr — Qg

exh

g(-Pint> Ding, Ge(-Pinta Dt migr)) = Mygr (310)

In practice, VVT actuators can only admit bounded values. The inversion formula
appearing in (3.9) and (3.10) may produce infeasible values that need to be saturated
before they can be used as input signals to the VVT control system. This point is

addressed in the next section.

3.2 Proposed control strategy

One notes T,” the torque requested by the driver through the accelerator pedal?.
Then, mesp and m;,, are defined as the set points for the aspirated fresh-air and
IGR masses given by the model (3.7), and by lookup tables experimentally derived
from steady-state calibration on a test bench (giving set points for the intake manifold
pressure and VVT actuator positions; see Figure 1.8), i.e.

A
mik, 2 F(P, 0, &) (3.11)

sp ég(PSP (I)Sp q)SP

migr int? ~int? emh)

3There is a high-level torque demand filtering to account for driveability constraints.
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3.2. Proposed control strategy

The two control inputs, the intake manifold pressure, and the VVT have an effect on
the outputs, mqsp, and mijg,, in a quasi-static way. It is then possible to achieve accurate

control by inverting the model (3.7) of the aspirated air and IGR masses.

3.2.1 Coordination strategy

The inverse models (3.8)-(3.9)-(3.10) outlined in Section 3.1.3 are used to compute
set points for the low-level controllers. To take into account the previously discussed
slow responses of the corresponding subsystems, target set points are replaced with
real-time measurements. Among the numerous possible solutions, it has been chosen
a technique aimed at satisfying the objectives for both the aspirated air mass and the
IGR mass.

Aspirated air mass control

By comparison with the intake manifold pressure, VVT actuators have a more
limited effect on the fresh air charge (as is evidenced by the breathing model struc-
ture (3.6)). Therefore, the intake manifold pressure is used as the control variable for

. . . . . S
control of the aspirated air mass. From an aspirated air mass set point mghy, a pressure

set point Py, is computed by inverting the quasi-static model (3.7), using the function
F defined in (3.8). In this formula, measurements of the VVT actuator positions are
used (Piny and Deyp). This gives

Pint = F(‘I’mt, (I)exhv myk

asp) (3.12)

From (3.8), the following proposition holds.

Proposition 3.4.
If the intake manifold pressure Py, converges towards its set point Py, defined
by (3.12), then the aspirated air mass Mmqsp defined in (3.7) converges towards its set

point mfﬁ;p.

The intake manifold pressure (3.1) is controlled by the throttle and by the wastegate
at partial and high loads, respectively.

Remark 3.1.

Proposition 3.4 states that the aspirated air mass request is satisfied when the intake
manifold pressure reaches its set point, for any VVT actuators positions. This permits
compensation of the relative sluggishness of the VV'T actuators compared to the intake

pressure (under atmospheric conditions). Notice that this is only the case when the

o1



Chapter 3. Case study 1: VV'T turbocharged SI engines control

pressure controller is fast enough. In Appendix A, a controller is proposed, based on a

reference trajectory-tracking strategy, that guarantees this fact.

IGR mass control

The second control objective is the IGR mass. To reach this goal, two control
variables remain: the positions of the VVT actuators. In fact, the IGR system is over
actuated. First, the exhaust valve timing set point is determined, ®.,j,. Lookup tables
obtained from engine energy optimization studies are used. This gives

B, = P (3.13)

exh

Then, the intake valve timing ®;,; remains as a possible control variable to control the

sp

igr- Again, as

IGR mass. Its set point ®;,,; is computed from the IGR mass set point m
in Section 3.2.1, to coordinate the two control subsystems and maximize the speed of
transients, the intake manifold pressure set point is substituted by measurements (Pint),
using the function G; defined in (3.9). This gives

Pint = Gi(Pint, P, . mf;i) (3.14)
Finally, when the control variable ®;,; becomes infeasible (when the intake VVT set
point is out of the saturation bounds), Equation (3.14) is saturated to the maximum
or minimum admissible value, and the leftover degree of freedom, ®..p, is used to
minimize the induced IGR mass mismatch. Using the function G, defined in (3.10),

the computation of the exhaust VVT position set point can be written as

Depn = Ge(Pinta D, m:r ) (315)

igr

Gathering (3.13), (3.14), and (3.15) together, the VVT control strategy can be written

as

Pint = Gi(Pint, @2, m;)

igr
if B e 3.16
Depp = q)zgh 7 if ®ipy € Qq’mt ( )
Ge(Pint, Pint, m,,) otherwise

where g, , is the interior of the feasible set Qg ,. From (3.9) and (3.10), the following

int int *

proposition holds.
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3.2. Proposed control strategy

Proposition 3.5.
The control strategy (3.16) guarantees that, provided that at least one of the two VVT
positions is not saturated, when the positions of both VV'T actuators converge towards

sp

their set points, the IGR mass mjq, converges towards its set point Mg

The position of the valve gear is actuated by means of electronically controlled
hydraulic devices. No details on the low-level VVT controller are given; the interested

reader can refer to [8] or [18], for example.

3.2.2 Block structure

The two control laws (3.12) and (3.16) are now gathered. This gives the global
control scheme pictured in Figure 3.5. The two control strategies are implemented in
the high-level controller block. This block feeds the low-level controllers handling the
intake manifold pressure and the VV'T actuators. Measurements of the intake manifold

pressure and VVT actuators are used in the high-level controller to coordinate the

low-level controllers by means of the reference signals Pj,¢, ®int, and P,p, determined
according to (3.12) and (3.16).

___________________ = ——— — — —

I HIGH-LEVEL CONTROLLER LOW-LEVEL

) |
1 . CONTROLLERS |
1 1 | | throttle
e le
Py 1 1 Pyt 1| Pressure :
T . |Aspirated air ) I3 : controller wastegate
¢ —" o Aspirated air : | |
iy | and IGR ' ‘
MAP 1 masses and IGR 1 O, | !
N X asses ! int | intake VVT
e masses t i
P, model el VVT |
ET0y controller |1 Yexh controller I exhaust VVT
1 \ | [
1 . | |

ENGINE |
l Ent Ne \'7 )—

Measurements

Figure 3.5: Control scheme. The high-level controller coordinates the low-level con-
trollers using control laws (3.12) and (3.16).

In the control strategy, the cylinder filling model is inverted in order to satisfy the
high-level requirements during transients. In this way, potential modeling errors can be
canceled and do not alter engine working during steady-state conditions (same model
is used for set point computation and coordination control strategy). However, as we
have introduced a feedback loop in the control strategy, we must assess stability of the

newly interconnected system.
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Chapter 3. Case study 1: VV'T turbocharged SI engines control

3.2.3 Stability analysis

Stability of the aspirated air and IGR masses can be addressed by studying stabil-
ity of the intake manifold pressure and VVT actuators positions (because of the static
nature of the relationship between these variables, see (3.7)). Now, we wish to inves-
tigate the convergence of the interconnection that we have created, which is sketched

in Figure 3.6.

For sake of simplicity, but without loss of generality, only one VVT actuator is
considered in the stability analysis, insofar as one of the two actuators is set to its
optimal value or is saturated (see (3.16)). Depending on the case of interest, one
notes ® the intake or the exhaust VVT actuator position. Figure 3.6 represents the

dynamical system derived from the control implementation shown in Figure 3.5.

Pint

|

sp
igr

Figure 3.6: The control strategy implies an interconnection of the intake manifold
pressure and the VVT subsystems. The mappings F' and G are given by the model
inversions (3.8) and (3.9)—(3.10).

Let © £ [P, @7, y = [Pint, @], and u £ [mgky, mfé’r]T be the state, the output,
and the input, respectively, of the system represented in Figure 3.5. Then, gathering
systems (3.1) and (3.4), and using the control strategies (3.12) and (3.16), one obtains

&1 =p(x1,Y2, F(y2,w1)), y1 = 21 (3.17a)
i9 =n(v2,G(y1,u2)), Y2 =72 (3.17b)

From the (partial-)invertibility properties of the model given in Section 3.1.3, for every

7 £ (Uy,T2) a unique equilibrium point T £ (Zy,72) needs to be considered. This can

be written as

(3.18)



3.2. Proposed control strategy

Let # £ 2 — % and § £ & be the error state and the output, respectively. The sys-
tem (3.17a)—(3.17b) can be rewritten under the form

i1 =p(E1 + T1, §o + To, F(§o + To, W), 1 = i1 (3.192)
To =n(Zg + T2, G(1 + T1,T2)), Y2 = T2 (3.19Db)

The system (3.19a)—(3.19b) is composed of two interconnected systems. Figure 3.7 gives

a representation of the interconnection.

T = ()
Y1 =11
2 71
To =n(—)
Yo = T2

Figure 3.7: Interconnected system (3.19a)—(3.19b).

Analyzing the stability of the system (3.19a)—(3.19b) leads to the following propo-
4

sition™.
Proposition 3.6.

The equilibrium point (3.18) is globally asymptotically stable (GAS) for the sys-
tem (3.17a)-(3.17b) wunder the condition (Ag/Ap)Trl¢ < 1 where Tp =
supy, [|0F /07| and I'c = supy, [|0G/ 0]

Proof 3.2.
Equivalent error dynamics (3.19a)—(3.19b) is used to prove that (0,0) is GAS. The
stability of the global system (3.19a)—(3.19b) can be analyzed with a generalized
small-gain theorem [32]. First, the input-to-state stability of the two interconnected
systems are analyzed separately. First, (3.19a) having g2 as input is considered,
then, (3.19a) having g; as input is considered.

One begins with the subsystem #1. Let Vi (1) = %i‘% Its differentiation with

respect to time is

Vi(#1) = Z10(F1 + T, §a + Ta, F (o + T2, 1)) (3.20)

4For convenience, some useful mathematical definitions (class K and KL functions) are recalled in
the Notation and Acronyms part at the beginning of this manuscript.
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From the intermediate value theorem, and the inequality (3.2), it follows that for

all (Z1,72),
P(T1 +T1, P2 + T2, F(§2 + T2,01)) < —AT1 + ©(T1, o + T2, F(§2 + T2, 1))
Then, Equation (3.20) becomes
Vi(Z1) < —AdT + 2190(T1, 2 + Ta, F (o + T2, W)

For all positive ¢, the following inequality holds

. 1
i) < -A1--— )3} 21
i <-a(1- 1, ) & (3.21)
for all (Z1,92) such that
- l+e, L
| (T1, 2 + To, F(J2 + T2, )| (3.22)

Further, from the intermediate value theorem, it follows that for all gs,

Oy 8@ OF
07s 8F 07a

@1, + 2. Pl + 2 m)] = |
Applying the triangular inequality and using the inequalities (3.2) and (3.3) yields
lo(@1, g2 + To, F (2 + T2, )|l < (0 + ALF) |32 (3.23)

where T'p £ supy, [|0F/03z|. Then, using the inequality (3.23) in (3.22), it follows
that the inequality (3.21) holds for all (Z1, g2) such that

1+e
A

&) = 2 (64 30k) 72

Hence, the conditions of the Lyapunov-like theorem [34, Theorem 4.19] (sufficient
conditions for input-to-state stability) are satisfied. The system (3.19a) having
g2 as input is input-to-state stable [72] with the class K function v;i(s) = ((1 +
€)/A) (0 + AT'p) s. In other words, there exists a class KL function $; such that,
for any initial state Z1(t9p) and any bounded input g2(¢), the solution #;(t) exists
for all t > t¢ and satisfies

121 (D) < Bu(llZ1(to) [l — to) +m <t sup H?Jz(T)H) (3.24)

0<7<t
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3.2. Proposed control strategy

Now, consider the subsystem Zs. Similarly, the system is input-to-state stable
with the class K function y2(s) = ((1 + €)/p)alas, where I £ supy, [0G/871].
This means that there exists a class L function s such that, for any initial state
Za(to) and any bounded input g;(t), the solution Zo(t) exists for all ¢ > ¢y and

satisfies

1Z2()| < Ba([|Z2(to) I, — to) + 72 < sup lzh(T)l) (3.25)
to<7<
Now, consider the interconnected system (3.19a)—(3.19b). The generalized
small-gain theorem derived in [32] can be used to prove that (0,0) is GAS.
From (3.24) and (3.25), a sufficient small-gain condition is

Al +e)?

Y1 072(s) = e

((5 + I F) Tas
Assuming the impact of the VVT actuators on the pressure dynamics to be small

(6 < AI'r), and for small €, the small-gain condition becomes

A
v 072(s) = )\—ZFFFGs (3.26)

If the small-gain condition (3.26) satisfies 1 0 y2(s) < s, then the system (3.19a)—
(3.19Db) is input-to-state stable. Moreover, as this system is unforced, the origin is
GAS. This concludes the proof. [ |

3.2.4 Practical usage of the stability analysis

The estimate (3.26) of the loop gain of the interconnected system pictured in Fig-

ure 3.7 plays a key role in practical experiments.

In this expression, two factors appear. The first factor is \jz/ Apt, which is evaluated
from the bounds A, A, y, and 1 defined in (3.2) and (3.5). Provided that the ranges
of the state variables remain reasonably narrow, the upper and lower bounds \, A, and
i1, p are close. Therefore, it can be expected that the first factor i/ Ap is bounded
by 10 for transients of practical interest. This is typically the case for the experiments
described in Section 3.3, more specifically in Figure 3.12 where the intake manifold
pressure follows two very different dynamics due to atmospheric and turbocharged
operating conditions. In the other hand, 1z and p are close because VV'T actuators

positions dynamics are quite the same over the entire operating range.
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Chapter 3. Case study 1: VV'T turbocharged SI engines control

The second factor is I'rl'g. Its value depends on the operating conditions, i.e. the
engine speed and the reference intake manifold pressure. This is shown in Figure 3.8.
It is easy to see that for most of the conditions under consideration, i.e. away from
1 bar, the value of the second factor is largely below 1 (implying GAS of the origin).
Naturally, the zone of pressures around 1 bar requires particular attention. The small
gain sufficient condition could not be satisfied. We could consider adding a gain at the
input of the subsystem Zo to reduce the loop gain to a value strictly below 1. Such a
gain would be active only when the intake manifold pressure was in the zone around
1 bar (and then guarantying the sufficient small gain condition). However, this ad
hoc solution is not required in practice. The reason is that even if the criterion is not
respected (note that the fact that the sufficient condition is not guaranteed does not
imply instability), the variable £ would be bounded in practice owing to saturation of
the VVT actuators. Furthermore, in this zone of reference pressure, the sensitivity of
the aspirated air and IGR masses (model (3.7)) with respect to Zy (VVT actuators) is
very small. This point is illustrated in Figure 3.9, where the sensitivity of the aspirated
air mass with respect to the exhaust VVT actuator is shown. Therefore, this possibly
divergent behavior would have almost no effect on the variables of interest during a

transient.

= Ne = 1000 rpm
6F o o Ne = 1500 rpm ||
¢ Ne = 2000 rpm
sk o Ne = 2500 rpm H{
T * |
V]
ol : |
r_‘ o
2t Bﬁ .
1+ o 8 *ﬁ%ﬁ 1

1 14 1.6 1.8 2

e 0.4 0.6 0.8 12
Intake manifold pressure (bar)

Figure 3.8: Conditions for small-gain theorem.

In summary, the controllers proposed in Section 3.2.1 can be used as-is under the
whole range of operating conditions and transients under consideration.
3.3 Experimental results

The performance of the proposed control strategy are now illustrated at the light

of experimental results.
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3.3. Experimental results
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Figure 3.9: Sensitivity of aspirated air mass with respect to the VVT actuator.

3.3.1 Experimental setup

The engine used in the experiments is a 1.8 L four-cylinder SI engine using direct
injection and homogeneous combustion. It is described in details in [43]. The air path
consists of a turbocharger controlled by a wastegate, an intake throttle, and with two
VVT devices, for the intake and exhaust valves. The engine specifications are given in

Table 3.1. This engine belongs to the class pictured earlier in Figure 3.1.

Engine type Renault F5P
Number of cylinders 4
Bore x Stroke 82.7 x 83.0 mm
Compression ratio 10.5:1
Engine Displacement 1.8 Liters
Turbocharger type Mono-scroll
Intake valve closing | 30 / -10 degBTDC
Exhaust valve opening | -29 / 11 degATDC

Table 3.1: Experimental SI engine setup

3.3.2 Low and part load
IGR mass variations

The first scenario under consideration consists of requesting various IGR mass set
points for a constant air mass set point. This scenario is of particular interest during
test-bench engine energy optimization processes when, for a given torque set point, the

optimal IGR mass is sought with respect to criteria of minimum pollutant emissions.
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Figure 3.10: Test bench experimental results for a four-cylinder turbocharged VV'T
SI engine at constant engine speed (2000 rpm). Variation of IGR mass at constant
aspirated air mass. The tracking of reference signals for the aspirated air mass and IGR
mass is very effective. Despite a temporary malfunction of the intake VV'T actuator
controller (around ¢ = 100 s), the first control objective is fulfilled (the aspirated air
mass remains constant).

sp

igr and its estimate given by

Figure 3.10(b) represents the IGR mass set point m
the model (3.6), mjg,. Figure 3.10(a) gives the aspirated air mass set point (constant)
Mesp, its estimate given by the model (3.6), mgsp, and the measurement obtained at

test bench with a mass flow sensor, msap.

The proposed controller succeeds in fulfilling both objectives by manipulating simul-
taneously the intake manifold pressure and the VVT actuators. The MAF information
stresses the accuracy of the estimation of the aspirated air mass in spite of large in-
take pressure manifold and VVT actuators variations. It is worth noticing that the
limitations on the values of the VVT actuator positions are fully accounted for. This
point is particularly visible over the time interval 100-220 s, in Figures 3.10(e) and
3.10(f), when the exhaust VVT actuator saturates to its maximum value while the
intake VVT is automatically used to compensate the possibly induced mismatch of the
IGR mass. As a result, the IGR mass perfectly tracks its reference, except immediately
after ¢ = 100 s. Interestingly, the response at time 100 s shows how the proposed con-

troller uses the intake manifold pressure set point as a degree of freedom to compensate
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3.3. Experimental results

the temporary malfunction of the intake VVT actuator controller (see Figure 3.10(d)).
Thanks to this insightful decision, the aspirated air mass remains at its set point.

In summary, this experiment stresses two facts. First, it shows the relevance of
the cylinder filling model. Figure 3.10(a) shows good results of the aspirated air mass
model (compared to MAF measurements), while Figure 3.10(c) demonstrates the good
representativeness of the IGR mass of the engine behavior (indeed, increase of the
cylinder burned gas fraction decreases NO, emissions). Second, this experiment gives
a first result on the coordination strategy (around time 100 s) that underlines the

relevance of the designed control strategy.

Torque transient

The transient response observed in Figure 3.11 is particularly interesting. In this
scenario, a torque transient is requested by the driver. This defines an increase in the in-
cylinder air mass set point. Similarly, the set point for the IGR mass increases too. To
perform this transient, both the intake manifold pressure and the VVT actuators must
be controlled. Our proposed controller coordinates both the pressure and the VVT
controllers. The VVT actuators behave relatively poorly (see Figure 3.11(d)), which
is detected by the controller. To account for the discrepancy between the exhaust
VVT set point and its actual position, the intake manifold pressure set point features
a sharp change of slope in the middle of the transient (see Figure 3.11(c)). This avoids
a possible overshoot in the observed aspirated air mass (see Figure 3.11(a)). The first
control objective is fulfilled. The air mass transient is fast and accurate. A similar, but

slightly less visible, behavior takes place at the following tip-out.

3.3.3 High load

An experiment was performed using a large torque tip-in, which typically occurs
during rapid acceleration of the vehicle. The turbocharger inertia induces a non negli-
gible acceleration time. In this experiment, two control strategies were compared. The
first one is based on a quasi-static positioning of the VV'T actuators, represented by
the symbol “ref”. The set points for the intake manifold pressure and VVT actuator

positions, PF,, &

ont> Pinys and (I)Zgh’ are directly derived from reference lookup tables. The

second control strategy is the one presented in this thesis (represented by the sym-
bol “strat”). Here, the set points for the intake manifold pressure and VVT actuator
positions, P, ®int, and @, are computed by the high-level controller presented
in Section 3.2.1. Figure 3.12 shows experimental results obtained on vehicle. The as-

pirated air and IGR masses are given in Figure 3.12(a) and Figure 3.12(b). Figures
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Figure 3.11: Test bench experimental results from a four-cylinder turbocharged VV'T
ST engine at constant engine speed (2000 rpm). Torque transients under atmospheric
conditions. In this regime, the exhaust VVT actuator is slow, and the intake manifold
pressure compensates so as to bring the aspirated air mass close to its set point.

3.12(c), 3.12(d), and 3.12(e) give the intake manifold pressure, the intake VVT posi-
tion, and the exhaust VVT position, respectively. The transient analysis is split into

two parts.

The beginning of the transient is from 17.5 s to 17.8 s. The engine is under at-
mospheric conditions. The intake throttle is fully opened and the intake manifold
pressure low-level controller actuates the wastegate to increase the intake manifold
pressure. Figure 3.12(c) shows almost no difference between the two control strategies.
This means that the VVT actuators have limited impact on the behavior of the intake
manifold pressure. Rather, by looking at the VVT actuators positions (Figure 3.12(d)
and Figure 3.12(e)), one can see that the proposed controller significantly modifies the
position of the two actuators, especially the intake. In fact, the intake VV'T actuator
is controlled at its upper bound, while the exhaust VVT actuator is controlled below

its reference position. Physically, the overlap is minimized to limit IGR. In addition,
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Figure 3.12: On-board experimental results from a vehicle equipped with a four-cylinder
turbocharged VV'T Sl engine. Large torque tip-in. Comparison between proposed strat-
egy (“strat”) and classical strategy (“ref”). The requested transient corresponds to a
target point where the overlap is maximum (®;,; = 0). But, during the transient, the
proposed controller temporarily minimizes the overlap until the turbocharging condi-
tions are met (it limits IGR to admit more fresh air into the cylinder). This yields a
substantial improvement of the dynamic response.

the response of the aspirated air mass is accelerated using the proposed strategy.

The remainder of the transient is from 17.8 s to 20 s, where the engine is now
operating under turbocharged conditions. During this phase, the intake pressure is
higher than the exhaust pressure, which allows a certain quantity of air to go directly
to the exhaust. The VVT actuators completely change their positions, and go to
their opposite extrema. Physically, this maximizes the overlap and scavenges fresh
air to the exhaust in order to remove internal burned gases from the cylinder. This
has two beneficial effects. First, more air is introduced into the cylinder. Secondly,
as a higher gas flow rate reaches the turbine, the compressor of the turbocharger is
accelerated more, and the intake manifold pressure is boosted. Notice that this behavior

is independent from the fact that the intake manifold pressure set points, P;7, and Py,
are different in the two strategies, since the throttle and the wastegate are saturated

in both cases.

Figure 3.13 displays the set point for the engine torque output and the responses
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Chapter 3. Case study 1: VV'T turbocharged SI engines control

obtained for each controller. One can clearly see that the proposed control strategy

permits to shorten the response time by approximately 20%.
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Figure 3.13: On-board experimental results from a vehicle equipped with a four-cylinder
turbocharged VVT SI engine. Large torque tip-in. Comparison between proposed
strategy (“strat”) and classical strategy (“ref”) on the torque production.

3.4 Conclusion on the obtained results

A control strategy for the air path of turbocharged SI engines equipped with dual
independent VVT actuators has been presented.

The control objectives are defined to be the aspirated fresh air mass and the IGR
mass. These variables exactly correspond to the outputs of the breathing model de-
signed in Chapter 2. This model has been proven to have interesting invertibility
properties. Then, a control strategy has been developed. It is an add-on to an existing
control strategy. It fully exploits this invertible model. The strategy permits to con-
trol the masses of both the aspirated air and the IGR. As a result, it accelerates the
response of the overall system by coordinating two variables acting on the breathing
process, i.e. the intake manifold pressure and the positions of the VV'T actuators. It is
important to note that the same control strategy operates under both atmospheric and
turbocharging conditions, even though the fast and slow variables of the system are not
the same in these two operating areas. As the coordination implies an interconnection,
the stability has been analyzed theoretically using a generalized small-gain theorem.

The strategy has been tested first on a test bench, and then on-board a vehicle. The
experimental results stress the relevance of the control strategy under both atmospheric
and turbocharging conditions. A significant reduction of the response time of the air
path can be observed, along with an improvement of the engine torque output. Some

additional experimental results are given in Appendix A, B and C.
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Chapter 4

Case study 2: VLD Diesel

engines control

In this chapter, a controller is proposed to handle air path transients of VLD
equipped CI engines. Following the approach advocated in this thesis and exposed
in Chapter 1, this controller focuses on compensating the difference of response times
of the various dynamics of the system. The considered engine setup is pictured in Fig-

ure 4.1.

Intercooler

Turbocharger %

EGR valve |-*

t

after
treatment T /

exhaust valve

EGR heat
exchanger

Pint Tint

)| N

Figure 4.1: Schematic illustration of a turbocharged VLD-equipped engine. The intake
manifold pressure and temperature P;,; and Tj,, the exhaust manifold pressure P..j,
and the mass air flow at the intake M AF' are measured by sensors. ®,;4 is the position
of the VLD actuator.
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Chapter 4. Case study 2: VLD Diesel engines control

In CI engines, while the torque production is guaranteed by the fuel injection control
system, NO, emissions are managed through the cylinder composition. Indeed, as was
shown in Chapter 1, the NO, emissions are closely related to the in-cylinder BGR
(Burned Gas Rate). Interestingly, controlling this quantity permits to move forward in
the direction of combustion control. In engines without any VLD capability, because
of the absence of any internal KGR, this variable is simply controlled through the
intake manifold BGR (which is supposed to be equal to the in-cylinder BGR). For this
purpose, several controllers have been proposed in the literature, see e.g. [28], [7], [18]
or [33].

To obtain an accurate control of the in-cylinder composition, the model presented in

Chapter 2 is used. It permits to relate the high-level control variable (in-cylinder BGR)
and the low-level variables (intake manifold BGR and VLD actuator position). The
proposed strategy coordinates the two low-level control subsystems (intake manifold
BGR and VLD actuator) to improve the in-cylinder BGR response, and, then, to
control the pollutant emissions. When the intake manifold BGR is too slow to converge
to its optimal point, the controller adjusts the VLD actuator position set point to speed
up the air-feeding process, so that the in-cylinder BGR is satisfied. Explicitly, the set
point for the low-level VLD controller is determined in real time, based on an estimate
of the intake manifold BGR (several observers can be used to estimate this variable, as
are proposed in [9], [34] and the references therein).
In details, the control of the in-cylinder BGR is done to the detriment of the in-cylinder
temperature. Indeed, actuating the VLD actuator to compensate for the sluggishness
of the intake manifold BGR induces a warm up of the in-cylinder mixture (because hot
exhaust gases are aspirated). To limit this increase of in-cylinder temperature (which
can be the culprit for smoke emissions), the control strategy saturates the VLD actuator
trajectory, which is then bounded by a user-prescribed value.

The derivation of this model-based controller is now detailed.

4.1 System modeling

The proposed controller is designed using the engine breathing model (2.20) of
Chapter 2. Contrary to the SI case previously treated, the variable to control (the
in-cylinder BGR, Xj,) is not directly given by the breathing model (2.20). Indeed,
the presence of burned gases in the intake flow (because of external EGR) and the
presence of fresh air in the exhaust flow (because of lean combustion) requires to account
for intake and exhaust flows compositions, X;,;+ and X..,. Moreover, the in-cylinder

temperature results from the blend of the intake and exhaust temperatures, T;,; and
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4.1. System modeling

Tern. Because no exhaust BGR and temperature measurements are available, only a
simple combustion model is derived. Figure 4.2 presents the input and output variables

of the breathing model.

Figure 4.2: CI engine in-cylinder variables as a function of cylinder bounding conditions.

4.1.1 Aspirated masses model

The quantities of aspirated masses from the intake (which is composed of fresh
air and burned gases coming from external EGR), and from the exhaust (which is
composed of fresh air and burned gases coming from internal EGR) are determined
from the thermal conditions of the intake and exhaust manifolds (pressure, Pj,; and
P..p, and temperature, T, and T,,p), the engine speed, N., and the positions of the
VLD actuator, ®,;4. A detailed model has been presented in Section 2.3.2. In the

present situation, it writes

. P,V P,
int int Vive exh
- - Vope (®
masp a7 - a9 - e'uc( vld) (4 1)
Pon :
”lZiZ = Q2 RTerh Levc(ifuld)

where a1 and ay are known functions of N, (this dependency is omitted hereafter for
sake of conciseness). Vj, is the cylinder volume at intake valve closing (ivc). Similarly,
Veve i the cylinder volume at exhaust valve closing (evc). It is a function of the VLD

actuator position, ®,;4 (see Figure D.2(b)).

4.1.2 In-cylinder composition and temperature model

In the following, the ivc is considered as a discrete event indexed by the k vari-

able. Figure 4.3 presents the steps of modeling.
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Chapter 4. Case study 2: VLD Diesel engines control

lezh(k' + 1) I
\Tezh(k‘i' 1) ‘

Intake process Combustion process Exhaust process

Figure 4.3: Detail of the discrete intake-combustion-exhaust process. First, the in-
cylinder BGR and temperature at the discrete time k are determined from the intake
and exhaust manifold quantities at instant k. Then, combustion occurs. Finally, the
residual gases are expelled from the cylinder during the exhaust stroke, defining the
exhaust conditions (BGR and temperature) at the discrete time k + 1.

Conditions at intake valve closing (ivc)

The in-cylinder BGR at ivc is equal to the mass-weighted average of the BGR of

the flows contributing to the total trapped mass

King (k)M (k) + Xean (k)meZh (k)

Xive(k) = L d 4.2
“ migh () + migh () 2

Similarly, the in-cylinder temperature at ivc is assumed to be equal to the mass-

weighted average (see [15] or [12] for example)

Tint (K)mi (k) + Topn (kK)me2h (k)

Thve(k) = asp asp 4.3
vel() mit (k) +mezh (k) (43)

Exhaust burned gas rate modeling Assuming complete and lean combustion, the
exhaust burned gas rate only depends on the composition inside the cylinder before
the combustion (at ivc), and on the quantity of injected fuel. Note mgi,, mpg and my
the quantity of in-cylinder fresh air, burned gas and fuel before combustion (instant
k) respectively. Then, the burned gas fraction after combustion (at the discrete time
k+ 1) writes

myg (k) + (AFRs + 1) - my (k)
m(m(k:) + mbg(k) + mf(k‘)

Xean(k+1) = (4.4)

where AFR; is the stoichiometric air/fuel ratio. Using model (4.2) and definition (2.3)

(noting mipe = ML, + mgﬁg as the in-cylinder total mass), one has

mivc(k)
Mive(k) +my(k)

Xea:h(k + 1) = (45)

(xivcw) L, (AFRs 1) - my (k)>

mivc(k)
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4.1. System modeling

Now, the definition of the total in-cylinder mass is used, rewriting equation (2.5) to
obtain

Pint(k)‘/ivc

RT;pc(k) (46)

mivc(k) = 1
Finally, assuming that the multiplicative ratio m;u./(mivc+my) is close to 1 (it is always
higher than 0.98 in the operating range under consideration) and substituting (4.6)

into (4.5), one obtains

(AFR, + 1) - ms(k)R
alljint(k)v;vc

Kean(k +1) = Xnolh) + Te(k) (4.7)
This modeled exhaust BGR dynamics (4.7) can be compared to experimental fuel/air
ratio measurements obtained on a test bench (the sensor is located downstream the
turbine). Figure 4.4 illustrates the good fit (at steady state) of the model over the
whole engine operating range (notice that the transient behavior cannot be compared
to real data because there is no high frequency measurement in the exhaust manifold

of the considered engine).
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Figure 4.4: Comparisons between modeled and experimental exhaust BGR over the
whole engine operating range. Experimental data obtained at test bench on a 4-cylinder
CI engine equipped with VLD actuator and LP EGR capability.

Exhaust temperature modeling Figure 4.5 pictures the exhaust temperature
modeling. Assuming an adiabatic compression (from ive to be, where be refers to
before combustion), an instantaneous heat release (from bc to ac, where ac refers to

after combustion), and a polytropic expansion (from ac to evo, where evo refers to
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In-cylinder
temperature

Ta C

| dvec  combustion evo CrankshVaft
angle

Figure 4.5: Detail of the exhaust temperature model.

exhaust valve opening), the following equalities hold

TV =T,V and PV = PV

e comb e comb
Qruvm P, P,
Toc = Tpe + ~LHVS ,and =< = ¢ (4.8)
CyMijye Tac Tbc
—1 1
Tacvc:imb = TGUO‘/J;O ) and Pacvczmb = PevoVJ,o

where V_.ymp refers to the in-cylinder volume when the combustion starts, v is the
specific heats ratio (here, this ratio is assumed constant), and ¢, is the volume specific
heat (which is also assumed to be constant). After evo, the exhaust temperature of
the gas leaving the cylinder during the exhaust blowdown is given by the adiabatic

expansion of the gas from the combustion chamber to the exhaust manifold,

~y—1

P..n\ 7
Tod = Topo [ == 4.9
b <Pevo> ( )

where Tjq refers to the exhaust temperature during the exhaust blowdown. Using (4.8)

into (4.9), and replacing mj,. by its expression (4.6), one obtains

¥

—1 1
P, S R 7
Toy = Tove < exh ) gl (1 + Qruvmy >7

o1 Py 16y VivePint

v—1
where p; = (%) . To simplify the model, V,,,,;, can be taken as a function
of the in-cylinder BGR at ivc considering the impact of the BGR on the combustion
temperature. Finally, taking into account the heat losses in the exhaust runner (as is

done in [67], e.g.), the dynamics of the temperature in the exhaust manifold can be

70



4.1. System modeling

written as

~y—1

o Pean(k) \ 7 RQruvmyg(k) g 4.10
Texn(k + 1) = poTive(k) <a1Pmt(/€)> (1 + alchichmt(k)> (10

where po < 1 is a positive constant. The modeled exhaust temperature (4.10) can be
compared against experimental measurements from a test bench. Figure 4.6 stresses the
good representativeness of this model at steady-state over the whole engine operating
range (notice that the transient behavior cannot be compared with real data because

there is no high frequency measurement in the exhaust manifold).
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Figure 4.6: Comparisons between modeled and experimental exhaust temperature over
the whole engine operating range. Experimental data obtained at test bench on a
4-cylinder CI engine equipped with VLD actuator and LP EGR capability.

4.1.3 Model summary

Figure 4.7 summarizes the relationship of the variables in the considered model
(4.1)-(4.2)-(4.3)-(4.7)-(4.10). The quasi-static cylinder filling model (4.1) concerns two
variables: the masses aspirated from the intake and from the exhaust as functions of the
VLD actuator position, the engine speed, and the intake and exhaust manifold variables.
Then, the in-cylinder composition and temperature model consists of a dilution model
presented in (4.2) and (4.3) to reconstruct the in-cylinder BGR and temperature at
ive. Finally, the exhaust model derived in (4.7) and (4.10) is based on a simplified

combustion model to estimate the exhaust composition and temperature.

4.1.4 Control-oriented rewriting of the model

and Qp.

Let QX&Ih’ QTe QX ive
exhaust BGR, exhaust temperature, in-cylinder BGR and temperature, respectively.

and 0 : Qp

e

s be the sets of practically feasible values of the

e

XQT. —>QX

e

Let us introduce the mappings & : Qx — Qr,_, such

e exh

that the exhaust BGR and the temperature dynamics given by models (4.7) and (4.10)
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Measurements
’ Ne Tint Pint Pezh my

v

P In-cylinder
vld ———— . int
filling Mgy .
|  model meah > In-cyllgder
> (4.1) asp composition ¥, Exhaust X
and ive z_l model > Tezh
Xint » temperature | Live delay (4.7)-(4.10) exh
model
r (4.2)-(4.3)
Figure 4.7: Schematic view of the in-cylinder BGR and temperature model.
write
Xexh(k) £ g(ch(k: - 1)7Tivc(k - 1)) (4 11)

Toan (k) 2 0(Tie(k — 1))

Again, notice that the discrete-time nature of system (4.11) stems from the valves
closings which isolate the cylinder from the rest of the engine. Exhaust variables are
depending on the in-cylinder variables of the previous combustion. Let Q¢ ,, be the
set of practically feasible values of the VLD actuator position. Let f : R> — R be a
mapping representing the in-cylinder fraction of gases coming from the internal EGR
(Qjegr being the set of practically feasible values of the function f)

memh( k)

f(q)vld(k)a G(EUC(]C - 1))) 2 mint (k)a:}i mexh(]{;)

asp

(4.12)

Using mapping (4.12) into models (4.2) and (4.3) leads to the following dynamics

Xive(k) = f(Puda(k), 0(Tive(k — 1)))&(Xive(k — 1), Tive(k — 1))
+ (1 = f(Puia(k) 1)
Tive(k) = f(Pu1a(k), 0(Tive(k —1)))0(Tive(k — 1))
+ (1 = f(@uia(k), O(Tive(k — 1)

(4.13)

Model properties

Owing to the structure of Vi, as function of ®,;4, the function f defined in (4.12),

which appears as a weight in the balance equations (4.13), possesses some interesting
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4.1. System modeling

invertibility properties. In particular, the following partial-invertibility property holds.

Proposition 4.1.
For all (Tiye, Xiegr) € Q. g Such that
F(Puid, O(Tive)) = Xiegr. inverse function F : Qiegr X Qr.,, — Qa,,, is defined

such that for all T, € Qr,

X Qicgr, there exists a unique Pyq € Qo

f(F(Xiegry e(ﬂvc)); H(Evc)) — Xiegr (4.14)

Proof 4.1.
Let ¢ : R2 x R — R be a class C' mapping such that C(O0(Tive), Xiegrs Puid) =
f(@u1d, 0(Tive)) — Xiegr- By definition, there exist a point (0(T2,.), X2, ®%,,) € W

iegr?

where W is an open set of R3 such that ¢(0(T2,), X2, ®%,,) = 0 (reference steady-

iegr’

state point). Figure 4.8 shows that at every engine operating point,

¢
0
OPuid |gr0 ) x0 g 7

ive iegr’ vld

Then, from the implicit function theorem, there exist an open set U = Qp , X
Qiegr C R2, an open set V = Qg . C R, and a class C' mapping F : U — V such

that

vld

o for all (6(Tive), Xiegrs Puia) € U x V, one has
C(G(EUC)7 Xiegrv (I)vld) =0 = q)vld - JT(Q(Twc)y Xiegr)
o for all (§(Tive), Xiegrs Puia) € U, one has

C(e(ﬂvc)a Xiegra f(e(,—rwc)v Xiegr)) =0

Then, from the definition of the function (, the proposition follows. |

In practice, a VLD actuator can only admit bounded values. The inversion formula
appearing in (4.14) may produce infeasible values that need to be saturated before they

can be used as input signals to the VLD control system.
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Figure 4.8: Numerical investigation of the sufficient condition for the implicit function
theorem at each engine operating point.

4.2 Proposed control strategy

4.2.1 In-cylinder set points

The control objective is a set point to be tracked by the in-cylinder BGR, con-
sidering bounds on the in-cylinder temperature. Certainly, the in-cylinder BGR and
temperature are equivalent, at steady state, to the VLD actuator position and the in-
take manifold BGR. However, during transients, it seems irrelevant to give the VLD
actuator precise position set points based on static look-up tables which implicitly as-
sume that the system is at rest. As already discussed at the beginning of the chapter,
during these transient phases, instead of the VLD position, the actual control objective
should be the in-cylinder BGR, because it directly impacts on the combustion, and,
therefore, on pollutant emissions.

X:P and T;" are defined as the set points for the in-cylinder BGR and temperature
given by the model (4.13), and by lookup tables experimentally derived through a
steady-state calibration on a test bench (giving set points for the intake manifold BGR
and VLD actuator position). Using (4.13), the set points are obtained by solving the
following equations

Xibe = F( @305 O(Tr)E (XG0 Tive) + (1= f (@374, 0(T30)) X3,

e T ive int

s s s s s s (415)
T’ivpc = f((I)v?d’ G(I—Vzvpc))g(j—;vpc) + (1 - f(q)vil’ Q(Tzvpc)))T’mt

The solution to these two equations can be analytically obtained because the sys-
tem (4.15) is triangular. In practice, one can first compute the in-cylinder temperature
set point 7.7, by solving the second equation of system (4.15), using the function

f defined in (4.12) and the aspirated masses model (4.1). Then, one can compute
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4.2. Proposed control strategy

the in-cylinder BGR set point X;? by substituting the obtained value of 7", in the
first equation of (4.15). In real applications, measurements are used in these computa-
tions (intake manifold pressure and temperature, exhaust manifold pressure and engine
speed).

The two control inputs, the intake manifold BGR, and the valve gear phasing have
an impact on the outputs, X;,. and Tj,.. It is then possible to achieve accurate control

by inverting the model (4.13) of the in-cylinder BGR and temperature.

4.2.2 Coordination strategy

It is proposed to use the inverse model (4.14) outlined previously in Section 4.1.4
to compute set points for the low-level controllers. To account for the discussed slow
response of the intake BGR subsystem, the two subsystems are coordinated by replacing

the intake BGR target set point with a real-time estimation.

sp

iver @ VLD actuator position set point @4 is

From an in-cylinder BGR set point X
computed by inverting the dynamic model (4.13), using the function F defined in (4.14).
In this formula, an estimate of the intake manifold BGR, Xj,; (several observers can
be used to estimate this variable, as are proposed in [9], [34] and the references therein)

is used. This gives

D _ Xzszf)c(k) — Xin (k) sp
(I)vld(k) =F <£(Xsp (k‘ — 1)’ TSP (]{7 — tl)) — th(k‘) ) G(Tivc(k - 1))) (4‘16)

e e

Notice that TZSUI; is used in place of its estimate T, for sake of robustness. This permits
to avoid creating a feedback loop coming from the estimation in the control law. For the
set points computation (4.15), the same measured variables (intake manifold pressure
and temperature, exhaust manifold pressure and engine speed) is used in the control
strategy (4.16). In this way, there is no mismatch between the set points computation
and the control law.

To limit the impact of the control strategy (4.16) onto the in-cylinder temperature
(i.e. to limit smoke emissions), a saturation can be considered in the VLD actuator
position trajectory generation. Let d7 be the acceptable temperature overrun. A bound
on the trajectory writes

T;h (k) + 01 — Tine(k)

Puia(k) < F (9(T85U(Ck — 1) + 67) — Tyne (k)

e

BT (k- 1) + 5T)> (4.17)

Notice that there is no need to limit undershoots of in-cylinder temperature since they

do not increase pollutant emissions.
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Chapter 4. Case study 2: VLD Diesel engines control

In practical applications, the position of the valve gear is actuated by means of
electronically controlled hydraulic devices. No details of low-level VLD controllers are

given; the interested reader can refer to [18] or [8], for example.

4.2.3 Block structure

The presented control law (4.16)-(4.17) can be implemented under the form of the
global closed-loop control scheme pictured in Figure 4.9. The set points formulas (4.15)
and the control strategy are implemented in the high-level controller block. This block
feeds the low-level controller handling the VLD actuator. Estimation of the intake
manifold BGR (Xj,¢) is used in the high-level controller to coordinate the low-level

controllers by means of the reference signal ®,;; determined according to (4.16)-(4.17).

-

[
|CONTROLLERS |

sp | | EGR

int ) Xint valves
| controller I
__________________ I
IMEPSP —»| :_HIGHfLEVEL CONTROLLER 1 : |
MAP 1 sp ! | !
. tve In-cylinder ! I !

Ne — In-cylinder BGR ! I VLD | VLD
. sp
Set points or controller : controller

- - — — — — _ 4

ENGINE

Figure 4.9: Control scheme. The in-cylinder set points X;” and 7" are given in Sec-
tion 4.2.1. The high-level controller coordinates the low-level controllers using the
control law presented in Section 4.2.2 to determine VLD actuator trajectory ®,4.

’ P’L’nt Tint Pezh Ne }"

Measurements

In the control strategy, the cylinder filling model is inverted in order to satisfy the
high-level requirements during transients. In this way, potential modeling errors can
be canceled and do not alter engine working during steady-state conditions. However,
as a feedback loop has been introduced in the control strategy, stability of the system

can be questioned.

4.2.4 Stability analysis

The closed loop discrete-time dynamics consisting of the model (4.13) and the coor-
dinated controller (4.16) is now studied. Note & £ [X;ue Tive]? the states of the system.
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4.2. Proposed control strategy

System (4.13) rewrites

r1(k) = f(Pua(k), 0(z2(k — 1)))&(z1(k — 1), 22(k — 1))
+ (1 = f(Pualk), O(z2(k — 1)))) Xine (k)
z2(k) = f(Puia(k), O(z2(k —1)))0(22(k — 1))
+ (1 = f(@ua(k), O(z2(k — 1)) Tine (k)

(4.18)

Equivalently, the error dynamics is now studied.

Error system

The control law (4.16) is such that the following relation holds (using the prop-
erty (4.14))

x‘i — Xint(k)
(2’ 23") = Xine (k)

f(@ua(k),0(z3")) =
This leads to

21" = [(@ua(k), 0(3)E@T",057) + (1= f(Rura(k), 0(3") Xima (k) (4.19)

Then, note & = x — 2°? the error between the state and its set point. Comparing (4.18)
and (4.19) gives

21(k) = f(@ua(k), 0(z2(k = 1)))€(z1(k = 1), 22(k — 1))

F(@uialk), 0(x3"(k — 1)))&(x1", 23”) (4.20)
int (k) (f(@uia(k), 0(z2(k — 1)) = f(Pua(k),0(x3")))

The (fast) VLD actuator dynamics is now neglected, i.e. ®jq = ®y1q. Then, linearizing
equation (4.20) leads to

F1(k) ~ a(k)F: (k — 1) + b(k)F2(k — 1) (4.21)
where
k) = F@ualD). 0G5 5| (4.220)
bR = 5| ()~ XaR) + F@alR), 06 5
L20% 14 (k) 25? T2 |g2p 5
(4.22b)
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Chapter 4. Case study 2: VLD Diesel engines control

On the other hand, the difference between equations (4.18) and (4.15) gives

Za(k) = f(Quia(k), 0(2(k — 1)))0(2(k — 1)) — (i, 0(x3"))0(257)

(4.23)
= Tint (k) (f(®uia(k), O(22(k — 1)) — f(Pyr, 0(257)))

Let @y 2 Dy — PP = Dy — 7, be the error between the VLD actuator position
and its set point coming from a look-up table (see Figure 4.9). Then, linearizing

equation (4.23) leads to

of

o (k) ~ c(k)Za(k — 1) + (0(23") — Tine(K)) Dyia(k) (4.24)
OPutd oy, azr
where
06 of
k)= f(®7T . 0(xF)) — O(x5f) — Tine(k)) ——
c(k) = [( Py, 0(x37)) 072 o + (0(xy") +(k)) Dy o (4.25)

To express the VLD actuator position error iI:)vld as a function of the intake mani-
fold BGR, the difference between equation (4.19) and in-cylinder BGR set point defi-

nition (4.15) is computed. This gives the following equation

F(@ua(k), 0(x37))E (1, 257) — F(P5, 0(23)8 (1", 257)

- (4.26)
= (f(@uta(k), 0(23")) Xint (k) — f( Dy, 0(257)) X)) + Xine (k) — Xy (k) =0

Let Xt 2 Xt — X P be the error between the intake manifold BGR and its look-up
table set point (see Figure 4.9). Then, assuming slow variations of z°P, linearizing
equation (4.26) leads to

-1

N f(@00,0(x") =1 [ Of ¢

Bugl) o w2 9 - X (K 4.27
1a(k) @ a7) — Xk, \ uia g, o +(k) (4.27)

Finally, gathering error equations (4.21) and (4.24), and replacing (4.27) in (4.24)

yields the following discrete-time linear time-varying forced error system

~ (4.28)
To(k) = c(k)Z2(k — 1) + d(k) Xint (k)
where
d(k) = (0(3) — Tins (k) (F(®30,,0(3F)) — 1) (£, 25") — X;2) ™ (4.29)



4.2. Proposed control strategy

The stability of this system is now studied.

Stability of the unforced system

The approach of Jiang in [31] is followed to study the stability of the discrete event
system in a ISS way. Before proving stability of the forced system (4.28), consider
the following result about stability of discrete-time cascade systems inspired by the

continuous case proposed in [34].

Lemma 4.1.

Consider the cascade (unforced) discrete-time system

xz1(k+1) = fi(xi(k),z2(k)) (4.30)

zo(k+1) = fa(wa(k)) (4.31)
with state T = [x1 x2]T
Z . fi i R™ x R™ — R™ and fy : R"™ — R"™ are continuous. If the system (4.30),
with 2 as input, is ISS (Input-to-State Stable in the sense of [71]) and the origin
of (4.81) is UGAS (Uniformly Globally Asymptotically Stable), then the origin of the
cascade system (4.30) and (4.31) is globally uniformly asymptotically stable.

€ R™ xR, for some ny and na, and for each time instant k €

Proof 4.2.

The proof follows along the line of [31]. By assumption, let ky > 0 be the initial
time. The solutions of (4.30) and (4.31) satisfy

e ()| < Bu(lza(s)ll k= 5)+m ( sup sz(n)\|> (4.32)

s<n<k

lza(B) < Balllza(s)ll k= s) (4.33)

globally, where k& > s > kg, (1, P2 are class KL functions, and ~; is a class K
function. Apply (4.32) with s = (k + ko) /2 to obtain

- <k+ko)
'\ 2

1 ()| < 61 (

k—k
, 0>+’71 sp ()l | (430)

2 k+2k0 <n<k
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Chapter 4. Case study 2: VLD Diesel engines control

To estimate x1((k + ko)/2), apply (4.32) with s = ko and k replaced by (k + ko)/2

to obtain
k+k k—k
o (S5 <o (leol E55 ) e [ s (] 39
ko<n<ELr0
Using (4.33), one obtains
sup  [lz2(n)|| < B2 ([|[z2(ko)],0) (4.36)
koSn<k+2kO
k—k
wp st < o (Jleatho)], <5 (437
ktko <<k

Substituting (4.35) through (4.37) into (4.34), and using the inequalities

[1(ko)l| < ll(Ro)[l, [[&2(ko)l| < [l (ko)ll, [l&(ko)[| < [l£1(ko)[| + [[#2 (ko)

yields

l (k)| < B[l (ko)ll , k = ko)

where

B(r,s) = A (ﬁl (7“, g) +71(B2(r,0)), g) +mn (52 (7‘7 g)) + Ba(r, 8)

It can be readily verified that § is a class KL function for all » > 0. Hence, the

origin of (4.30) and (4.31) is globally uniformly asymptotically stable. [

To prove stability of the error system (4.28), the following unforced system is first

considered

(4.38)

Then, following result about the stability of discrete-time cascade systems is used.
Analyzing the stability of the cascade system (4.38) through Lemma 4.1 leads to the

following proposition.

Proposition 4.2.
The origin of the unforced cascade system (4.38) is Uniformly Globally Asymptotically
Stable (UGAS).
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Proof 4.3.

One begins with the subsystem Z5. The solution of the discrete equation reads

Then, the following inequality holds

k
J2()] < (,sup \\c(z')rr) J2(0)]
1€[1;k]

Figure 4.10 pictures the function ||c|| given by (4.25). It shows that over the whole
engine operating range, ||c|| remains below to 1. Then, for all k € Z™*, ||c(k)|| < 1.
Applying the ISS definition given in [31] to the zero-input subsystem in Zy, the
latter is deduced to be UGAS.

One now focuses on the subsystem Z;. The solution of the discrete equation

reads

k k
i1 (k) = <Ha ) +Z N —1) [ ali) (4.39)

i=1 i=j+1

The second term of the right-hand side of Eq. (4.39) can be bounded by
k
> (st
=1

k k=i
< sup ||b(@)| sup |F2(i ||Z< sup a(i)H)

i€[1;k] i€[0;k—1] 1 \E€li+15k]

k—1 J
< sup [b(3)[ sup [Z2(3)]| ( sup }HCM)H)

1€[1;k] 1€[0;k—1] =0 1€[0;k—1

Using the definition of the geometric series, the following inequality holds

i€[1;k] 1€]0;k—1]

k
[z (R)[ < <Sup HM’L’)H) 1Z1(0) | + y(ap-1), bpe—1))  sup || Z2(0)]

up; Q)
where ’Y(G[k—l]a b[k—l]) = SUPje[1;k] [b(2) ]l ((Ssuii?oi 11]”@((1)””))

spectively by,_1)) denotes the truncation of a (b) at k— 1.

Classically, a_j (re-
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Chapter 4. Case study 2: VLD Diesel engines control

On the one hand, parameter |a| is clearly below 1. Indeed, (4.22a) can be sim-

plified because %Lsp . 1 (see (4.7)) and function f represents the fraction of
the in-cylinder gases 1C(;r?11ng from the exhaust (see (4.12)). On the other hand, the
parameter ||b|| is bounded as is evidenced by its expression (4.22b). Indeed, it is
only a function of the engine operating point and of the intake manifold BGR X,
which is a bounded variable.
Then, for all k& € Z*, [la(k)|| < 1 and sup;ef4 |[b(i)]| < oo. Applying the ISS
definition given in [31] to the subsystem in Z;, one deduces that the latter is ISS.
Finally, the subsystem in &1, with Zs as input, is ISS and the origin of the
subsystem in Z9 is UGAS. Then, applying Lemma 4.1, the origin of the cascade

system (4.38) is UGAS. [ |

200
30002500

8
IMEP (bar) 1°
(bar) 1z Engine speed (rpm)

Figure 4.10: Parameter ||c|| over the engine operating range.

Stability of the forced system

Let & = [#; Z2]7. Now, the following cascade system which is a simple rewriting of

the forced dynamics (4.28) is considered

z(k) = My (k)@ (k — 1) + Ma2(k)Xint (k)

~ ~ (4.40)

a(k) b(k) N 0 . . ..
, Mo(k) = , and h is a mapping giving the
0 (k) 2(k) a0 pping giving

intake manifold BGR, error dynamics. As the low-level intake BGR controller is not

where M1 (k) £

the topic of this work, here it is only assumed that the controller is efficient and that

the error system is UGAS [7]. Therefore, X;,;(k) converges to zero as k — oc.
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Analyzing the stability of the cascade system (4.40) leads to the following proposi-

tion.

Proposition 4.3.

The origin of the cascade system (4.40) is Uniformly Globally Asymptotically Stable
(UGAS).

Proof 4.4.

One focuses on the dynamics of &, and, first, consider the following unforced system
x(k) = M;(k)x(k—1) (4.41)

From Proposition 4.2, the unforced system (4.41) is UGAS. Then, from [34, Lemma
4.5] there exist a class KL function [ such that for every a (ko)

lz(k)|| < B ([|z(ko)ll , k — ko), Vk=ko =0 (4.42)
Now, consider the following forced system
x(k) = My(k)&(k — 1) + Mo(k)u(k) (4.43)

The input matrix ||M3|| = ||d|| is bounded as is evidenced by its expression (4.29).
Indeed, it depends on the engine operating point, and on the intake temperature
Tint which is a bounded variable. Then, from (4.42) and from the linearity of (4.43),

there exists a class K function ~ such that

(k)] < B ([le(koll . k — ko) + ( sup IIU(S)H>
ko<s<k
Then, from Definition 2, the system (4.43) is ISS.
Finally, the dynamics of &, with X;,; as input, is ISS and the origin of the
subsystem Xjn; is UGAS. Then, applying Lemma 4.1, the origin of the cascade
system (4.40) is UGAS. [ |

4.3 Experimental results

Now, the control technique proposed in Section 4.2 is evaluated on an experimental
test bench.
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Chapter 4. Case study 2: VLD Diesel engines control

4.3.1 Engine setup

The engine used throughout the experiments is a 1.6 L four-cylinder direct injection
HCCI-LTC CI engine. The second valve lift is provided by a Mechadyne™ system [40]
allowing a second lift between 0 and 4 mm. External EGR is carried out by a low-

pressure circuit. The engine specifications are given in Table 4.1.

Engine type Renault HOM
Number of cylinders 4
Bore x Stroke 79 x 81.5 mm
Compression ratio 16:1
Engine Displacement 1.6 Liters
Injection Piezo
Exhaust valve closing (first lift) 17 degATDC
Re-breathing lift closing 20 (no re-opening) / 60 degATDC

Table 4.1: Experimental CI engine setup

4.3.2 Intake manifold BGR variation

The first sequence of experimental tests considers an intake manifold BGR varia-
tion, while trying to keep a constant in-cylinder BGR. The goal of such an experiment
is to validate the model and the control strategy under steady-state conditions. In Fig-
ure 4.11, the solid blue curves designate the reference control strategy (named “ref”,
presented in Section 1.3.4), and the dashed red curves refer to the proposed control
strategy (noted “strat”, presented in Section 4.2.2).

Figure 4.11(a) reports the exhaust valve position variation trajectory that are
imposed in both cases. Figure 4.11(c) presents the resulting intake manifold BGR re-
sponse. Note that the mismatch between the two curves arises from the differences
in VLD positions between the two strategies. Figure 4.11(d) gives the VLD actuator
trajectory. In the reference strategy, the VLD actuator is set to its position mapped
according to the engine operating point. In the proposed strategy, the VLD actuator
trajectory (given by the control law (4.16)) moves away from its reference position to
satisfy the in-cylinder BGR demand. Figure 4.11(e) shows that the in-cylinder BGR
request is kept constant during the whole test (except around 120 s because of the VLD
actuator saturation). Figure 4.11(f) stresses that the VLD actuator position variations

lead to strong in-cylinder temperature variations. Finally, Figure 4.11(b) presents the
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4.3. Experimental results

NO, emissions obtained using the two strategies. The proposed strategy succeeds in

keeping the emissions constant.

This experiment highlights two facts. First, the in-cylinder BGR is the relevant
control variable for NO, emissions control purposes. Second, the designed in-cylinder

composition model is consistent with reality.
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Figure 4.11: Test-bench results for a four-cylinder CI engine for exhaust valve posi-
tion variations at constant speed of 1500 rpm with and without the proposed control
strategy. The controller succeeds in keeping the in-cylinder BGR constant, and; con-
sequently; the NO, emissions.
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In Figure 4.12, the NO, emissions and the middle of combustion (referred to as
CAj5p) variations are analyzed, in comparison with the reference operating point. It is
seen that with a VLD compensation, NO, emissions and CAsg are kept around their

reference values.

150

‘
——ref

A NO, (ppm)

0-;7<r
50l i i i i i _al ; ; ; ; ;
-5 0 5 10 15 20 -5 0 5 10 15 20
A exhaust valve (%) A exhaust valve (%)
(a) NOg emissions (b) Middle of combustion

Figure 4.12: Variation of NO, emissions and middle of combustion (CAjz) relative to
an exhaust valve position variation. Point (0, 0) refers to the reference engine operating
point.

4.3.3 Torque transients

The second sequence of experimental tests consists of torque trajectories composed
of increasing and decreasing torque requests. These experiments are conducted at a
constant engine speed of 1500 rpm (Figure 4.13) and 1000 rpm (Figure 4.14), respec-
tively. In both cases, the reference control strategy (named “ref”) and the proposed
control strategy (named “strat”) are compared.

The following comments hold for Figure 4.13 and Figure 4.14 as well. The low-level
control variables (the intake BGR and the VLD actuator) are given in the two middle
figures. The intake manifold BGR is controlled by its low-level controller. It behaves
similarly with the two different control strategies (“ref” and “strat”, respectively). Yet,
the VLD actuator trajectories are strongly different in the two cases. Indeed, using
the reference controller, the VLD trajectory @7 is only based on a static look-up
table depending on the engine operating point. By contrast, in the proposed strategy,
the VLD trajectory ®,;4 is continuously updated during transients to satisfy the in-
cylinder BGR objective. This can be seen in the bottom-left figure where the in-
cylinder BGR tracks well its set point (which is not the case for the reference controller).
Simultaneously, the in-cylinder temperature drifts away from its set point due to the
change in the EGR/IEGR trade-off. Finally, the top-right figures give results on NO,
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emissions. One can see that the whole system tends to move closer to the steady-
state conditions with the proposed trajectory. This permits to prevent the undesired
NO, emissions peaks during torque tips-in (especially during increasing intake manifold
BGR demands).
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Figure 4.13: Test-bench results for a four-cylinder CI engine for step torque demand
at constant speed of 1500 rpm with and without the proposed control strategy. The
controller succeeds in tracking the in-cylinder BGR set point. Consequently, the NO,
emissions peaks are reduced.
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Figure 4.14: Test-bench results for a four-cylinder CI engine for step torque demand
at constant speed of 1000 rpm with and without the proposed control strategy. The
controller succeeds in tracking the in-cylinder BGR set point. Consequently, the NO,,
emissions peaks are reduced.

In Figure 4.15, the impact of the in-cylinder temperature increase during tran-
sients on the smoke emissions is analyzed. The experiment is realized at 1000 rpm,
and the torque transients correspond to a part of the experiments in Figure 4.14. Fig-
ure 4.15(b), Figure 4.15(c) and Figure 4.15(d) show the VLD actuator trajectory, the
NO, emissions, and the smoke emissions (through the opacity measurement) respec-

tively. The four curves in the figures represent the reference strategy (“ref”), the
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proposed strategy without any in-cylinder temperature excursion limitation (“no sat”),
the proposed strategy with an in-cylinder temperature excursion limitation of 50 K
(“6T = 50”), and the proposed strategy with an in-cylinder temperature excursion
limitation of 25 K (“67" = 25”). These results show that, without taking into account
the in-cylinder temperature excursions, the smoke emissions are increased with the pro-
posed strategy. Nevertheless, the saturated control strategy (control law (4.16)-(4.17))
permits to limit the in-cylinder temperature excursions, and so the smoke emission,

while keeping a large part of the NO, emissions gains.
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Figure 4.15: Test-bench results for a four-cylinder CI engine for step torque demand
at constant speed of 1000 rpm with and without the proposed control strategy. Taking
into account an in-cylinder temperature limitation in the control strategy permits to
decrease the losses in smoke emissions while keeping the gains in NO, emissions.

4.3.4 ECE driving cycle

To obtain estimates of the emissions actually produced under representative driving
conditions, experiments were conducted on a dynamic test bench. The goal of the
dynamic test bench is to reproduce the vehicle behavior. In that case, the engine

powers a drive train physical simulator reproducing the behavior of the clutch, the
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transmission, a vehicle model, and a driver model (considered as controlling the position
of the acceleration pedal) sending a torque request to the engine control unit.

Figure 4.16 reports results on a urban driving cycle (ECE), which is a part of
the New European driving cycle (NEDC). Figure 4.16(a) gives the vehicle speed and
engine speed. Figure 4.16(b) and Figure 4.16(c) show the VLD trajectories and the
NO, emissions for both reference and proposed control strategies. NO, emissions are

reduced during large transients.
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Figure 4.16: Test-bench results for a four-cylinder CI engine for an ECE driving cycle
with and without the proposed control strategy. NO, emissions are reduced during
transients.
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4.4 Conclusion on the obtained results

A control strategy specifically designed to handle transients of turbocharged CI
engines equipped with VLD actuator and LP EGR loop has been presented.

To reduce pollutant emissions, the BGR contained in the combustion chamber at
1vc is controlled. A model of in-cylinder BGR and temperature has been presented. It
uses the breathing model designed in Chapter 2 completed by a dilution and a sim-
ple combustion model. This model is shown to have interesting invertibility properties
from which a control strategy has been developed. It is an add-on to an existing control
strategy. The strategy permits to accelerate the in-cylinder BGR response by coordi-
nating two variables acting on the breathing process, i.e. the intake manifold BGR and
the positions of the VLD actuator. To account for in-cylinder temperature excursions
during transients, the VLD control law is saturated. Because the coordination implies
a cascaded discrete-time system, the stability has been theoretically analyzed using the
ISS theory.

The strategy has been tested on a test bench. The experimental results have stressed
the relevance of the control strategy. A significant reduction of the NO, emissions

during transients has been obtained.
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Chapter 5
Conclusions and perspectives

Over the last years, variable valve actuation devices have proved their beneficial
impact on consumption and pollutant emissions of internal combustion engines. By
modifying the valves lift profiles, they permit to control the engine breathing in order to
optimize the cylinder filling. This optimization is designed for steady-state conditions.
Because of the difference of response times of the subsystems involved in the cylinder
filling process (intake manifold quantities and VVA actuators), the transients may be
impaired. In this work, a cylinder filling control strategy is presented, based on the
coordination of the low-level subsystems. In this proposed strategy, the VVA devices
is used in a very active way, enjoying their privileged position at the vicinity of the
cylinder. It is however important to notice that the strategy is only apparent during
transients and does not have any effect on the optimized (in terms of consumption and

pollutant emissions) steady-state operating points.

5.1 Main contributions

In this manuscript, several contributions has been developed. They are now shortly

recalled.

i) Cylinder filling model for VVA equipped engines (Chapter 2). A mean-
value model of the cylinder filling process in engines equipped with VVA devices has
been proposed. From thermodynamics laws, engine geometrical data and valves lifts
profiles, this analytic model estimates the masses of gas entering into the cylinder. Two
cases of study have been analyzed: a double VVT on a SI engine and a second exhaust
valve re-opening capability on a CI engine. Experimental results have shown a good

representativeness of the model compared to test bench data.

93



Chapter 5. Conclusions and perspectives

ii) Cylinder filling control of VVT SI engines (Chapter 3). A control strategy
has been presented to enhance transient behavior of VVT turbocharged SI engines. The
strategy is based on the coordination of the two subsystems that drive the cylinder fill-
ing, i.e. the intake manifold pressure and the VVT actuators. For that, the developed
analytic cylinder filling model has been used to control both the aspirated air mass
(image of the torque), and the mass of gas coming from the internal gas recirculation
(additional control objective representing either the cylinder burned gas mass or the
scavenged fresh air mass, depending on the operating area). The same control strategy
operates under both atmospheric and turbocharging conditions, even though the fast
and slow variables of the system are not the same in these two operating areas. FExten-
sive experimental results have stressed the relevance of the control strategy under both
atmospheric and turbocharging conditions. The strategy succeeds in improving tran-
sient responses. Under atmospheric conditions, the aspirated air mass is accelerated
and the burned gas mass is managed. Under turbocharging conditions, accelerating

the scavenging process permits to improve torque response time by 20%.

iii) Cylinder filling control of VLD Diesel engines (Chapter 4). A con-
trol strategy has been presented to enhance the transient behavior of Diesel engines
equipped with a second exhaust valve lift capability. Again, the strategy is based on
the coordination of the two subsystems driving the cylinder filling, i.e. the intake man-
ifold BGR and the VLD actuator. Thanks to the cylinder filling model, the control
strategy permits to guarantee an accurate control of the in-cylinder BGR, using the
VLD actuator to compensate the sluggishness of the external EGR circuit. Extensive
experimental results have stressed the relevance of the control strategy. The strat-
egy succeeds in improving transient responses. As a result, NO, emissions are largely

reduced during transients.

iv) Intake manifold pressure and AFR controllers of SI engines (Appendix A,
B and C). In addition to the above-presented high-level controller, some low-level
controllers have been proposed too. First, as the intake manifold pressure is the most
important variable for aspirated air mass control in SI engines, it is necessary to provide
an accurate control. A trajectory-tracking based controller have been designed in this
thesis. Experimental results have stressed the efficiency of such a controller. Second,
because of emissions standards, the AFR has to be accurately kept to the stoichiomet-
ric value. In this thesis, an original method of controlling the AFR has been proposed,

simplifying the usual control scheme. Experimental results have stressed the efficiency
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of such a controller. It is important to notice that these low-level controllers have been

used and participate to the good results in the experiments relating to Chapter 3.

5.2 Perspectives

To conclude this thesis, several possible future directions in the field of engine

control are sketched, which could benefit from the proposed work.

The proposed cylinder filling model developed in this thesis has been tested for two
particular applications (VVT SI engine and VLD CI engine). Thanks to its physics-
based design, this model is expected to be relevant for other type of application (e.g.
in camless engines). Further, even if the model is not used for control purposes, it is
nevertheless of interest to have an efficient estimation of the aspirated air mass in view

of accurately controlling the AFR in SI applications.
The proposed control strategy permits to manage the cylinder filling quantities. It

could be used in unusual working conditions. For example, for the VV'T SI case study,
instead of using specific VVT actuators positions look-up tables for cold start (which
requires extensive calibration tests), one can simply act on the burned gas mass set point
(by weighting it with the cool temperature for example to ease the start of the engine).
A similar approach could be considered for the VLD CI engine too. Modifying the
trade off between the exhaust EGR and IEGR would permit to accelerate the catalyst
light-off during cold starts (instead of using specific VLD actuator position look-up
tables for cold start).

Some other VVA equipped engine applications can take advantage of the proposed
strategy. The first example is EGR equipped VVT SI engines. In this application,
on top of coordinating the intake pressure with the VVT actuators, one has to add
the EGR in the coordination to obtain the correct cylinder filling during transients.
A second example is turbocharged camless engines. In this application, the intake
pressure is always slow (no throttle) and the valve actuation is very fast because it
consists in electromagnetic actuators. Then compensation of the pressure sluggishness
can be considered to realize the torque demand. Moreover, one can use the fact that
the valve actuation in camless engine has a very larger range then VV'T actuators, and
then can bring more benefits during transients. Finally, one can consider also VVT
CALI engines. Here, the objective is to control the in-cylinder temperature to control
the combustion. It is then important to coordinate the exhaust EGR and the VVA
actuator in order to avoid misfires. Further studies are necessary to treat this case,

but, certainly, the same methodology can be exploited.
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Finally, other applications can take advantage of the proposed strategy, even if the
engine under consideration is not equipped with any VVA capability. More and more
engine applications are composed of subsystems with various response times. Some
particular examples are Diesel engines equipped with both high and low pressure EGR
loops or hybrid vehicles where the two torque sources (electric and thermal) have not

the same response time. These are perspective to explore in the future.
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Appendix A

Intake manifold pressure

controller for SI engines

A.1 Introduction

Chapter 3 has shown that coordinating the low-level controllers (intake manifold
pressure and VVT actuators positions) permit to reach better performances in SI en-
gines. Coordination strategy is based on the fact that low-level subsystems have dif-
ferent time scales. On the one hand, during turbocharged conditions, VVT actuators
positions subsystem is much faster than the intake manifold subsystem because of the
turbocharger inertia. On the other hand, VV'T actuators positions subsystem is quite
slow compared to the intake manifold subsystem during atmospheric conditions. It is
however only the case if there is an efficient intake manifold pressure controller. Some
controllers have been proposed in the literature. In [33], a state feedback control based
on a linearized model is presented. The system nonlinearities have been accounted for
in [35] and [14]. In the first, a fuzzy control strategy is presented. In the second, an
internal model control strategy based on static model inversion is proposed.

In this chapter, an intake manifold pressure controller is proposed using the throttle
actuator and considering the VV'T actuators as measured disturbances. The intake
dynamics is modeled as a first order system, using the breathing model of Chapter 2
related to the VVT actuators, and one bias that stands for errors in experimentally
determined look-up table of the throttle actuator is considered. Provided that this
bias is known, a one-dimensional actuated dynamics is obtained, for which the motion
planning and trajectory-tracking problems are already solved. From a more realistic
standpoint, a compensation of this bias can be obtained by use of an integral term.

Experimental results prove the relevance of this approach.
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A.2 System modeling
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Figure A.1: 7, and 1ge, are the non-measured inlet and aspirated air mass flows
respectively. Downstream compressor pressure, Py, intake manifold pressure and tem-
perature, P;,; and Tj,:+, and engine speed, N., are measured by sensors. 0y,, ®;nt and
®.,., are the actuators angle positions.

A.2.1 Balance in the intake manifold

Consider the air path of an SI engine equipped with VVT actuators as depicted
in Figure A.1. In this configuration, i.e. with internal exhaust gas recirculation, the
air path has a very simple structure. It can be modeled by an intake manifold which
has an inlet flow (controlled by the throttle) and an outlet flow (impacted on by the
VVT actuators). The intake manifold is considered to have a constant volume, Vj,, in
which the thermodynamic state (pressure, temperature, and composition) is assumed
to be spatially homogeneous. Also, time variations of the temperature are neglected
in this volume (following [3] and [21]), i.e. Ty = 0. Under these assumptions, a mass

balance in the intake manifold gives

Py = aint(mat - masp) (Al)

where aint = RTjn: /Vint. Both Py, and Tj,; are measured by sensors located in the

intake manifold. 74 is the intake mass air flow. Correspondingly, 1745y is the mass air

flow aspirated into the cylinders.
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Intake mass air flow

The intake mass air flow, 7., can be modeled in the form

mat = Areath . f(Pznt) (AZ)

where Areayy, is the effective opening area of the throttle. The mass flow rate per unit

area, f(Pjn), is given in [24], in the form

1 =1
Pin 2 Pin o Pin
P ()2 (- () ™) e () > ",
" VRTow T '

~ (%) i , otherwise

where P, is the measured downstream compressor pressure, vy is the ratio of specific
heat capacities in the intake manifold and r. = (2/(y 4 1))”/~Y denotes the critical
pressure ratio. The effective area of the throttle is usually modeled with a polynomial
function of the angular position of the actuator, i.e. Areay, = A(0y,). Figure A.2
presents the modeled and experimental opening areas of the throttle as a function of

the angular position of the actuator.
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Figure A.2: Experimental comparison between the modeled and measured throttle
opening area.

As the model (A.2) is not perfect, one can add a modeling error term ¢, leading to
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the following relation:

Area f(Pint) = A(Own) [ (Pint) + € (A.4)

Aspirated mass air flow

Following [24], the mass air flow through the inlet valves can be modeled in the

form
masp = nvolﬂintpint (A5)

where Bint = (V) RTjn:)(Ne/120) and 1, is the volumetric efficiency. Then, identify-
ing (A.5) and aspirated mass model (2.18) given in Chapter 3, one can derive a model

of the volumetric efficiency,

o ‘/ivc((bint) R,Tmt ( OF((I)exh - (I)mt)
Tlvol = 1 — a9

‘/e'UC (I)ex
Vi PV N, @3 Vevel h)>

For the rest, it is noted A (Pint) 2 Moot With A 2 (Ne, Tint, Pint, Pezn)-

A.2.2 State space model and physical assumptions

Using the balance equation in the intake manifold (A.1) and the expressions of the

intake mass flows (A.2) and (A.5), the intake manifold pressure dynamics writes

Pint = int(AOwm) f(Pint) + €tn — 1A (Pint) Bint Pint) (A.6)

Let 2 £ Py, b = ¢, and u £ 6, to denote the state and the control variable of the
system, respectively. The measurement is y = z. Gathering (A.6), (A.5), and (A.4)

together, one can write

= ain(Aw)f(x) + b —nalz)Bim)
b = 0 (A7)
Yy = x

By definition (A.3), f : R — R is a positive decreasing function. Physically, na : R — R
is a positive increasing function.

Due to physical limitations of the engine, the constants «;,; and (;,; are positively
bounded. Ome note «;p: € [%,m] > 0 and G € @,% > (0. Further, the
volumetric efficiency 7 is also positively bounded, i.e. na(z) € [Q; ﬁ]. Its derivative 1y

is also strictly positive (one can refer to Figure 3.4) and bounded.
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A.3 Reference trajectory

The pressure reference trajectory is directly given by the high-level controller
through equation (3.12). Let z" be the pressure reference trajectory reading

"= F((I)inty (I)exha m;gp) (A8)

where ®;,; and ®., are the measured intake and exhaust VVT actuators positions
respectively. The air path has a first-order dynamics (A.7). Therefore, the intake
manifold pressure trajectory must be differentiable at least once. In practice, this
minimal smoothness requirement is guaranteed by a low-pass filtering of the torque set
point T,” and thus the aspirated air mass set point. Since F is a continuous function
(see proposition 3.1), 2" has the same continuity and differentiability properties as

s
magpy @i and Py

A.4 Trajectory-tracking strategy

A.4.1 Open-loop control when the bias is known

The system (A.7) is fully actuated and invertible. Provided that the bias b is equal
to zero, one can easily compute an open-loop control law for any smooth trajectory.
This is, in theory, sufficient to guarantee tracking, owing to the open-loop stability
of (A.7). Consider the following open-loop control law:

s

ut = A (J,?(lx) (Sim + UA(xr)ﬂmtxr)> (A.9)

Then the following proposition holds.

Proposition A.1.
Consider a perfect system (A.7) with b = 0 and some smooth reference trajectory z".
The open-loop control law (A.9) guarantees that the tracking error exponentially con-

verges towards 0 when t — oo.

Proof A.1.
After substitution in (A.7), one obtains

T = 2" 4+ aintPBint(Na(z")x" — na(x)x) (A.10)

A
Let e = x — 2" be the error between the measurement and the reference pressure.

Let h: R — R be the increasing continuous function on Z = [mmin; fL’maX] defined

101



Appendix A. Intake manifold pressure controller for SI engines

by ha(z) £ na(z)z. From the intermediate value theorem, there exists one real ¢

in [z;7] C Z, where z = min(x,2") and T = max(z,2"), such that
ha(z) — ha(T) = hia(c)(z — T) (A.11)

In (A.11), ¢ depends on z(t) and z"(t). More precisely, it can be represented as a
time-varying function, depending on the initial condition of x that shall be denoted
A. Using (A.11) in (A.10), one obtains

€= _aintﬂinth/A(c(t7 )\))6

Yet, Wp(c(t,N)) = na(c(t,N)c(t, A) + na(c(t,A)) > n thanks to bounds given in

§ A.2.2. Finally, positiveness of the terms «j,; and B¢ yields the exponential

convergence of e towards 0. [ |

A.4.2 Closed-loop control in the case of unknown bias

In a more realistic setup, assume that the bias b is not equal to zero. To compensate
for this missing information, one add an integral term to the feedback law, aimed at

tracking the reference trajectory x”. This leads us to consider the following control law:

wr = AT (AW = s (Rl — o) + ki fy (o — aT)dt)) (A.12)

where k, and k; are strictly positive constants. Tracking of the trajectory using the

control law (A.12) leads to the following proposition.

Proposition A.2.
Consider system (A.7) and some smooth reference trajectory x™. The closed-loop control
law (A.12) guarantees that the tracking error exponentially converges towards 0 when

t — o0.

Proof A.2.
After substitution of (A.12) in (A.7), one obtains

i o= " —kylwx—a") — K fg(fb‘ —2")dt + Qint + QintBint(Na(2”)z" — na(z)x)

A
Note e = & — 2" the error between the measurement and the reference pressure,

and I the integral term, i.e. I = —k;e. Using (A.11), the error dynamics can be
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written under the state space form

{ é = —(kp + intBinth'a (c(t, N))e + I + ainsh (A.13)

j = —k:z-e

Consider the variable (which can be interpreted as the asymptotic value of the

integrator, once convergence is proven)
W = —amtb (A14)

and note I = I — w. The error dynamics (A.13) takes the form of a parameterized

Linear Time-Varying (LTV) multivariable system,
X, = A(t,\)X, (A.15)

with X, £ (e f)T and

Aft,2) £ ( o~ a1, )

In (A.15), the matrix A(t¢, A) is impacted by the control gains k, and k;. To prove
convergence of the pressure to the reference trajectory, it is shown that (A.15)
is A-Uniformly Globally Exponentially Stable (\-UGES). For that, the following
important result about stability of a class of parameterized LTV systems studied

in [57] is used.

Theorem A.1 (A-UGES of parameterized LTV systems, Loria-Panteley [57]).
Consider the parameterized LTV multivariable system (A.16) under the following

<Z> N < —A(,EZ,A;) B(tE)A)T > <Z> (A.16)

where e € R™, § € R™, A(t,\) € R™™, B(t,\) € R™", C(t,\) € R™*",

A€ D cC R, and n, m, | are some integers. Assume that the following two

form

properties hold.

Assumption A.1.
There exists ¢pr > 0 such that for all t > 0 and  for all N € D,

maxc {|| B, M|, | 2252 } < o
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Assumption A.2.
There exist symmetric matrices P(t,\) and Q(t,\) such that

ct,\)T P(t,\)B(t,\)"
—Q(t,\) = A, NTP(t,\) + P(t, \)A(t,\) + P(t, \)

There exists Pm, Gm, v and gar > 0 such that, for all (t,\) € R>o X D, ppl <
P(t,\) <pyI and gl < Q(t,\) < quml.

Then, the system is \-UGES if and only if B(t,\) is A-uniform persistency of

excitation, i.e. there exists p, T > 0 such that fttJrT B(r,\)B(r,\)Tdr > pI Vt.

Consider system (A.15) with D = R, n = 1, m = 1. One has A(t,\) =
—kp — intBinthly (c(t, X)), B(t,A) = 1 and C(¢t,\) = k;. Then, Assumption A.1 is
easily enforced with ¢y = 1.

Moreover, let P(t,\) = k; and Q(t,\) = 2k;(kp + cintBinthiy(c(t, N))) with
kp, ki, ®int, Bint > 0. By noticing that hl(c(t,\)) is bounded, it follows that
Assumption A.2 is also verified. Finally, the A-uniform persistency of excitation is
readily proven with u =T = 1.

It can be concluded that the parameterized LTV multivariable system (A.15)
is A-UGES. |

A.5 Experimental tip-in on test bench

A.5.1 Implementation

The global control scheme is summarized in Figure A.3. The air path controller
uses the motion-planning control strategy presented in Section A.4. The reference tra-

jectory of the pressure P! ,, computed in the coordination block, is used in a dynamic

wnt?
model inversion to determine the feedforward control law 6}, described in Section A.4.1.
Finally, a PI controller is added to the structure to provide further accuracy and robust-
ness. Its implementation is given in Section A.4.2 and computes the throttle-opening

set point 677

A.5.2 Torque transients at test bench

The control strategy presented in this section was tested on an experimental test
bench. The engine in consideration is a 1.8L SI engine equipped with dual independent
VVT actuators. Figure A.4 and Figure A.5 represent two torque trajectories at 2000
rpm and 1500 rpm respectively. In both cases, the three top figures give the set points
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Figure A.3: Intake manifold pressure control scheme based on a trajectory-tracking
strategy.

and measurements (or estimation in the case of the aspirated air mass) of the aspirated
air mass, the intake manifold pressure and the throttle actuator position. The two
bottom figures give more detail on a particular transient to highlight the contribution
of the proposed strategy.

At first view, looking at Figure A.4(b) and Figure A.5(b), the tracking of the
pressure trajectory is good. It implies a good aspirated air mass tracking ( Figure A.4(a)
and Figure A.5(a)) that is beneficial in terms of torque production and air/fuel ratio
control (see Appendix C). This tracking is ensured by the accurate control of the
throttle presented in Figure A.4(c) and Figure A.5(c). The large peaks in the actuator
trajectories follows from the slow dynamics of the downstream compressor pressure
that establishes with a large response time.

If one zooms in on a large transient, the beneficial impact of the proposed control
strategy is seen in the intake manifold pressure response on Figure A.4(d) and Fig-
ure A.5(d). Indeed, looking at Figure A.4(e) and Figure A.5(e), it can be seen that
(see (A.9))

boosts the throttle position set point thanks to the small overshoot observed at time

the feedforward term 6}, using the derivative of the pressure trajectory Pj;n
13.2 s and 41.2 s respectively. The integral term in the feedback strategy (A.12) permits

to remove the pressure tracking error.

A.5.3 Torque transient on vehicle

The control strategy presented in this section was also tested on a vehicle. The
engine in consideration uses the same engine as depicted before. Figure A.6 give some
results during the vehicle take off. Figure A.6(a) represents the aspirated air mass set
point and its estimation, Figure A.6(b) gives the intake and exhaust VVT actuators
positions set points and measurements to stress that they are moving during the tran-
sient. Finally, Figure A.6(c) and Figure A.6(d) represent the intake manifold pressure

and throttle trajectories. It can be seen that the intake manifold pressure trajectory
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Figure A.4: Experimental results for a four-cylinder SI engine at constant engine speed
(2000 rpm). Torque trajectory (Nm): 30 — 120 — 30 — 70 — 40 — 110 — 80 — 100 — 50.

350 — 1 30

300

250

200

150

Aspirated air mass (mg/str)
Throttle position (%)

Intake manifold pressure (bar

mi’;p
Masp .
100 }
20 40 60 80 20 40 60 80 20 40 60 80
Time (s) Time (s) Time (s)
(a) Aspirated air mass (b) Intake manifold pressure (c) Throttle position

[N

30

o
©

Throttle position (%)

o
=)

Intake manifold pressure (bar)

®%hs a1 a5 4z 425 Ws a1 as a2 w25 a3 a
Time (s) Time (s)
(d) Intake manifold pressure (e) Throttle position

Figure A.5: Experimental results for a four-cylinder SI engine at constant engine speed
(1500 rpm). Torque trajectory (Nm): 60 — 100 — 40 — 50 — 110 — 40 — 60 — 90 — 50.
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tracking is very efficient thanks to the throttle control strategy. The VVT actuators,
seen as measured disturbances in the control strategy, do not impact on the aspirated
air mass tracking. In addition, like during torque transients at test bench, the feed-

forward control law boosts the pressure response during the transient at about 3.4 s.
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Figure A.6: Experimental results for a four-cylinder SI engine on vehicle during take
off.

A.6 Conclusion

An intake manifold pressure controller based on a trajectory-tracking strategy has
been presented. The pressure trajectory is defined in the high-level controller presented
in Chapter 3. Using a simple mass balance model in the intake manifold, a feedforward
throttle control law can be computed. Then, in order to account for modeling errors, a
feedback loop using intake manifold pressure measurement is considered. Convergence
of the pressure towards its reference trajectory is analyzed using an important theoret-
ical result about time-varying systems. Finally, experimental results obtained at test

bench show the good results obtained by the proposed strategy.
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Appendix B

Usage of a mass air flow sensor

B.1 Introduction

In some applications, a Mass Air Flow (MAF) sensor can be added at the intake
of the engine as pictured on Figure B.1. Despite the additional cost, it permits to
increase robustness of the aspirated mass estimation. Indeed, breathing model errors
can be compensated using such a measurement as proposed in [3, 20, 78]. In this
appendix, it is proposed to account for this additional measurement in the aspirated
air mass control. The control strategy presented in Appendix A is slightly modified
by adding a bias term into the volumetric efficiency law. This term is estimated by a

nonlinear observer and prove convergence of the designed observer-controller.

B.2 System modeling

B.2.1 Balance in the intake manifold

Let us consider the same first order dynamics model than in Appendix A. Thanks to
the presence of the mass air flow sensor, the throttle air mass flow r; is approximated
as the mass air flow measurement, 7y 4r. Moreover, considering breathing model
uncertainties (see Figure 2.9), one can add a bias dn to compensate for modeling errors
(as well as for varying exhaust pressure conditions) in the aspirated air mass flow
equation (A.5),

Masp = (A (Pint) + 60) Bint Pint (B.1)

The bias 07 is completely unknown when it represents the modeling error in the vol-
umetric efficiency. Following ideas of [3] and [78], one assume a constant bias, i.e.
on = 0.

109



Appendix B. Usage of a mass air flow sensor

I Throttle |

AN

= l---gtti

MMAF

O)

Figure B.1: 74y is the non-measured aspirated air mass flow. Intake mass air flow,
myrAr, downstream compressor pressure, Py, intake manifold pressure and tempera-
ture, Pj,: and Ti,:, and engine speed, N., are measured by sensors. 0y, ®in: and Peyp
are the actuators angle positions.

B.2.2 State space model and physical assumptions

One use = Py, b = [ern 57]]T and u© = 6, to denote the state and the control
variable of the system, respectively. The measurements are y; = z and ya = mharar.
Using (B.1) into (A.7), the state space model reads

T = Oémt(.A(U)f(x) +b1 — (UA (x) + bQ)ﬂzntx)

by = 0
by = 0 (B.2)
Yy = T

y2 = Au)f(z)+b

N

In addition to assumptions given in Section A.2.2, the volumetric efficiency 7 is bounded,

i.e. (na(x)+b2) € [n;7]. Its derivative 1y is also positive and bounded.

B.3 Reference trajectory

The mass air flow sensor can be used as a feedback information for the aspirated air
mass control. Instead of computing the aspirated air mass set point with the breathing
model (see (3.11)), one can directly derive an aspirated air mass look-up table using

the torque and the engine speed as inputs and the MAF information as output, i.e.
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mesp = map(Ty?, Ne). Now, if one notes mgsy = f5,(Pint, ®int, Pezn) as the perfect
model for the aspirated air mass, then one can easily see that the intake pressure

trajectory computed by the coordination strategy (3.12) will lead to a static error

Masp = fén (F(Pint, Pezh, mff;p% DQint, Pewn) # mff;p

where F' corresponds to the invert function of f (corresponding to én = 0). In order to
compensate for this steady-state error, the modeling error in the computation of the
intake manifold pressure trajectory has to be taken into account,

P = Fbg((I)mta cI)exha myb

asp)

(B.3)
In this way, one can ensure the following equality during steady-state conditions

Masp = fbg (Fbg ((pinta q)e:vhv ngp)y (I)intv cI)ezh) - ngp

The bias by is unknown, and the trajectory x°P cannot be explicitly computed. To
compensate for this lack of information, an observer is needed to reconstruct b, in
order to be able to compute the pressure reference trajectory reading

= FBQ ((I)inta (I)eazha ngp) (B4)

In the following, it is assumed that, as a consequence of the discussed properties of the
reference trajectories derivation, 2" is smooth and bounded and that &" is bounded.

The mentioned observer is presented in the next section.

B.4 Trajectory-tracking strategy

B.4.1 Observer design

To compensate for the missing information, an observer is used to provide an esti-
mate of by. A nonlinear observer based on pressure measurement can be considered in

the form

{ &= aiu(ye — (a(@) + b2) Bine) + Li(z — 2) (B.5)

i)g = —Lg(l’—j?)
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Appendix B. Usage of a mass air flow sensor

where (L1, Ly) € (RT\ {0})2. Let # £  — 2 and by £ by — by be the state errors. Then,

error system writes

(B.6)

:’i‘ = —intBint((na(z) + b2)T + :i‘l;z) — L2
by = Lok

There, importance of using the air mass flow measurement yy instead of the throttle
flow A(u)f(x) in the observer structure can be seen. Thanks to this arbitrary choice
in the observer design, the y2 term is canceled out in the error system (B.6) and the
control variable u does not appear anymore. Observer design and controller design can

be treated separately. Gains are chosen as follows
Ly = aintBintly and Lo = qnt Bintl2

where [; and [y are positive constants. With this choice, the error system writes

{ i = —imBint(na(@) + by +11)F — it Binedbo (B.7)

by = QintBintla®

One can not prove the observer convergence before presenting the intake manifold
pressure control law. However, for the moment, one can bound the observer errors T
and 52. Consider
TN 1 -2
V(i bo) 2 S 131% + 5 |2 (B:3)
2 2l

Differentiation with respect to time leads to

V(E,by) = T+ %5252
= _aintﬂint(nA(x) + by + l1).i'2 <0

Semi-negativeness of this last expression is directly obtained from assumptions given
in Section A.2.2 and Section B.2.2; together with [; > 0. Since V is decreasing, then &

and I;g are bounded. One notes

|Z]|,, < oo and HBQH < 0 (B.9)
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B.4. Trajectory-tracking strategy

B.4.2 Closed loop control law

The same control law as in Section A.4.2 is designed, except that the missing infor-

mation by has to be compensated for. The closed-loop control law is given by

wr = AT (AW = s (Rl — o) + ki fy (o — aT)at) ) (B.10)

where the open-loop control law writes

ut = A <f(1x> <ax; + (nalz") + Bz)ﬂimﬂ)) (B.11)

In the next section, the stability of the observer-controller (B.5)-(B.10) is analyzed.

B.4.3 Convergence proof of the observer-controller

After substitution of (B.10) in (B.2), one obtains

&= @ —kylr—a") — ki [3(x — 27)dt + iy
+int Bint (Na(x) + ba)a” — (na(x) + ba)x)

Note e £ 2 — 2" the error between the measurement and the reference pressure, and
I the integral term, i.e. I = —k;e. Using (A.11), the error dynamics can be written

under the state space form

(B.12)

{ é = —(kp + QintBint (Wp (c(t, N)) + b2))e + I — int(Binez"bs — b1)
j: —kie

Consider the variable (which can be interpreted as the asymptotic value of the integra-

tor, once convergence is proven)
W = int(Bintz"ba — by) (B.13)

and note I = I —w. The error dynamics (B.12) takes the form of a forced parameterized

Linear Time-Varying (LTV) multivariable system,
X, = A(t, )X, + v(t) (B.14)
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with X, £ (e f)T’ o(#) a (© dJ)T and
A(t,\) & —kp — Qint Bint (WA (c(t, X)) +b2) 1

In (B.14), the matrix A(¢, \) is impacted by the control gains k, and k;, while the
forcing term v(t) is due to observation error. To prove convergence of the pressure
to the reference trajectory (which is the main objective), it is shown that (B.14) is
A-Uniformly Globally Asymptotically Stable (\-UGAS). First, the parameterized LTV

multivariable unforced system is analyzed
Xe = A(t, \) X, (B.15)

The use of Theorem A.1 easily permits to show the following proposition.

Proposition B.1.
The unforced system (B.15) is Uniformly Globally Exponentially Stable (A\-UGES).

For the forced system (B.14), some decay property of the forcing term v(t) permits

to show the following proposition.

Proposition B.2.
The forced system (A.15) is A\-Uniformly Globally Asymptotically Stable (\-UGAS).

The tracking error asymptotically converges towards 0 when t — oo.

Proof B.1.
Consider the forced system (A.15). The analytic solution of the differential equa-
tion is

Xc(t) = ¢(t,0, 1) X.(0) —i—/o o(t, T, \)v(r)dr

where ¢ is the transition matrix of the system. Since system (B.15) is A-UGES
(proposition B.1), there exists k, > 0, independent of A, such that Vt,7 > 0,
llo(t, 7, \)|| < ke="*=7). Then, a bound on X,(t) can be easily obtained by

[ X ke | Xe(0)]] + fy ke flu(r)] dr

<
< ke[ X (0)]] + Zu(t, t) 4+ Ta(ts, t)
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where Ty (t1,t) = k [;" e ") Jo(7)||dr and Tp(ty,t) = k [} e 77 |u(r)| dr

and 0 <ty <t. One can separately evaluate the two quantities Z; and Zs.

Ti(t,t) = k[fy'e e =) flo(r)| dr
e ol (1 - )

k:ft1 eV ||l (7) || dr

kSup;efs, ool [[0(7) fttl e =" dr

B Sup,efiy oot [0(7)]

IN

To(t1,t)

IN A

To obtain a bound on X, one uses t; = % and derive

_ gt _
X < ke IXc(O)] + X vl (6772 = e77) + Esup gz ooy 0(7)]
(B.16)
Thanks to this inequality, convergence of X, (t) towards 0 can be guaranteed, pro-

vided the following two conditions hold

il < oo (a)
limy oo sup ey oo [0(T) = 0 (b)

Is is now proved that this is indeed the case. The norm of the forcing term can be
computed from (B.13),

(@) = lw®l = cintBint

4 (Oa(t) + 2" (Dba(t)| (B.17)

From the observer dynamics (B.7), one has gg(t) = QintBint®(t)l2Z(t). In addition,
note Z(t) £ x(t) — &(t), then

v(t = intBin ‘Z‘TB + it Bintlox" 2T — iy ml:n”JEQH
[v@)]| tBint || 702 tBintl2 tBintl2 (B.18)
< q(t) +lar(t) + las(t) |||
with q(t) 2 g |37 o), () 2 02,82, 27| 7> and s(t) 2

2
Qint

assumption, 2" and 2" are also bounded. It can easily be deduced that ¢(t), r(t)

2 || 1]l Yet, by and # are bounded, as is known from (B.9) and, by

and s(t) are also bounded, ||¢||,, < oo, ||7]|,, < oo and ||s||,, < oco. Further, to
guarantee that (a) holds, it is proved that z is also bounded. Conservatively, (B.16)
yields

Xl < ke [ Xe(0)] + ,Ii(l +e2—e ) |,
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Using (B.18) one obtains

X ()]

_ k ot _
< ke M| X(0)] + ;(1 +e 2 —e ) (gl + 12 7]l + 12 15l 2]l 0)
(B.19)
Yet, [[z]| = [[2" + e < [|2"|| + [le]| < [|2"]| + || Xc[| and then, simply,

[2lloe < 12" lloo + 1 Xell oo (B.20)
From (B.20), inequality (B.19) leads to
IXello < RIXe(O) + 2 (llalloe + L2 I7lloo + 2 18]l 1Xelloo + 22 15l Nl [lo0)

and, finally, to

Xello (1= 22 fsll) < EIXO] + 2 gl + L2 o + 2 5l o7 L)
(B.21)
Bounds on ||Z||, and HEQH can be obtained from the definition of the candidate
o0

Lyapunov function (B.8) and its decreasingness. In facts, one easily derives

IO + &

WWWMWMF

:
IN

1]l

X

(B.22)

IA

i[5

Let us study inequality (B.21) when l3 tends towards 0. On the left hand-side, one
has

2k
lim lo— =0
Jim 1= s
while, on the right hand-side,

limg, —0([[gll oo + 12 [17[loe + 12 [18]loo 127 [0

~ ~ 2
= intBint [l ]|+ 02820 27 | [B2(0)|
oo oo

Then, for ls small enough, one can derive another more conservative inequality

~ ~ 2
2IXelloo < B[ Xe(0)] + 22 (amtﬁmt [E TS Hszm + Bt 12" | Hb2(0)Hm>
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It follows that || X.||,, < oo, and, from (B.20),
2] o < 00 (B.23)

The condition (a) is easily obtained from (B.23) and (B.18). Let us now focus on
the second condition (b). Inequality (B.22) shows that both Z and by are bounded
(as it is already known from the function V' property). Further, it can be deduced
from (B.7) and (B.23) that  is also bounded. Then, & is uniformly continuous. In

addition, positiveness of (B.8) brings

V(£(0),b2(0)) > — [y V(&(t), ba(t))dt

>
t =2
> Jo @intBint(Na(z) 4 ba + 11)Tdt

Let C £ Qint Bint(M + 11) > 0, then f(f F2dt < w. Thus, Z is square inte-
grable, and, from the uniform continuity of #? (because  is uniformly continuous),

one can deduce that #2 tends towards 0 when ¢ — oo,

lim (1) = 0 (B.24)
From (B.7), one deduces that
lim byo(t) =0 (B.25)

In addition, a further time differentiation of 2 leads to

T = —intfin((nalz) + bg + 1)Z + T (x)
+(& — 2)bg + (z — 7)b2)

Yet, # and by are bounded, while 7a (2) + by + Iy, and 7/ (x) are also bounded by
assumption (see Section B.2.2). Then, from (B.7), Z is bounded. Moreover, using
the expression of gg, considering (B.23) and recalling that & = " + ¢, it is deduced
that Z is bounded. As Z is uniformly continuous and using (B.24), lim; .« Z(t) = 0
is obtained from Barbalat’s lemma ([34], Lemma 8.2). Finally, from (4.28),

T+ Wit Bine (A () + bo + 11)T

lim bo(t) = li - B.2
lim Ba(t) = lim ot Bt (& — ) 0 (B-26)

Gathering (B.25) and (B.26) and recalling that, by assumption, =" and &" are
both bounded, then, from (B.17), the condition (b) is obtained. Finally, one can

conclude with the following proposition. |
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B.4.4 Conclusion on air mass control

It has been shown that the closed-loop control law allows to address the tracking

of the pressure trajectory, i.e.

lim |27 (t) — z(t)| = 0 (B.27)

t—o0

Moreover, using (B.3) and (B.4), convergence of the bias observation error (B.26) leads

to the convergence of the generated trajectory towards the expected trajectory,

lim [2°P(t) — 2" (£)] = 0 (B.28)

t—o0

From (B.27) and (B.28), one can conclude on the convergence of the pressure to the

expected pressure trajectory,

lim [z(t) —z(t)| =0 (B.29)
t—o00
Recalling that pressure and air mass in the cylinder are related by Masp =

Joo (%P, @iy, Pegp) and mygsy = f;)z (z, Pint, Pern), using (B.26) and (B.29), one obtains

tliglo }m(i};p(t) - masza(t)‘ =0

Then the following proposition holds,

Proposition B.3.

The observer-controller (B.5)-(B.10) guarantees the tracking of the air mass trajectory.

B.5 Experimental tip-in on test bench

B.5.1 Implementation

The global control scheme is summarized in Figure B.2. The air path controller
uses the motion-planning control strategy presented in Section B.4.2. The observer
estimating the breathing modeling error feeds the intake manifold pressure trajectory
and the dynamics model inversion blocks. The rest of the control strategy is consistent

with the one of Appendix A.

B.5.2 Torque transients

The control strategy presented in this section was tested on an experimental test

bench. The engine in consideration is a 1.8L SI engine equipped with dual independent
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Figure B.2: The intake manifold pressure control is modified by the term 537 (estimated
by an observer) that permits to compensate for the breathing model uncertainties (this
figure can be compared to Figure A.3).

VVT actuators. Figure B.3 and Figure B.4 represent two torque trajectories at 2000
rpm and 1500 rpm respectively. In both cases, the figures give the set point, estimation
and measurement of the aspirated air mass, the set point and measurement of the
intake manifold pressure.

The results follow to the same control strategy as in Appendix A, except that a
feedback term given by the MAF measurement is used in the aspirated air mass esti-
mation. Figure B.3(b) and Figure B.4(b) show that the estimated aspirated air mass
converges towards its set point as well as the measured MAF data under steady-state
conditions. We can see in Figure B.3(b) and Figure B.4(b) the slow adaptation in the
intake pressure trajectory to compensate for the aspirated mass modeling errors. Fig-
ure B.3(c) and Figure B.4(c) give the observed volumetric efficiency error computed by

the observer designed in Section B.4.1.

B.6 Conclusion

In this Appendix, the control strategy presented in Appendix A has been slightly
modified to account for a mass air flow sensor that can be used in the engine set up.
This additional sensor permits to give a feedback information in aspirated air mass
control. An observer is proposed to compensate for the breathing modeling errors and
is used in the pressure trajectory computation. Then the pressure controller design uses
this information in the throttle control law. It complicates the theoretical convergence
analysis because of the presence of an additional forcing term function of the observer
convergence error. Finally, experimental results show convergence of the aspirated air

mass toward MAF signal under steady-state conditions.
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Figure B.3: Experimental results for a four-cylinder SI engine at constant engine speed
(2000 rpm). Torque trajectory (Nm): 60 — 100 — 40 — 50 — 110 — 40 — 60 — 90 — 50.

120



B.6. Conclusion

m

%

5400 w —m°P
£ i asp
% 300

g

5

_g 200

Q

<

<

a 1001 1 1 1 1 I I I

7 10 20 30 40 50 60 70 80

<t Time (s)

(a) Aspirated air mass

= o
,g 7‘Pint
int

§ 0.81- int||
@
[}
—
o061 : S
A2
<
S o4l I I I I i I i

10 20 30 40 50 60 70 80

Time (s)
(b) Intake manifold pressure
g o001
e
3
Z o
]
n
[}
5 -0.01
=
~ 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80
Time (s)

Figure B.4: Experimental results for a four-cylinder SI engine at constant engine speed
(1500 rpm). Torque trajectory (Nm): 60 — 100 — 40 — 50 — 110 — 40 — 60 — 90 — 50.
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Appendix C

Air/Fuel Ratio controller for SI

engines

C.1 Introduction

On SI engines, three-way catalysts (TWC) are used to reduce the pollutant emis-
sions created by the combustion. This device located at the exhaust of the engine has
three simultaneous tasks: reduction of NO,,, oxidation of CO and oxidation of unburned
HC. These three reactions occur most efficiently when the catalytic converter receives
exhaust from an engine running near from the stoichiometric point. This is about 14.6
parts air to 1 part fuel, by weight, for gasoline. Figure C.1 gives the catalyst efficiency
according to the Air/Fuel Ratio (AFR)! . Within a narrow AFR band surrounding
stoichiometry, conversion of all three pollutants is nearly complete. However, outside
of that band, conversion efficiency falls off very rapidly. An accurate control of the
AFR is then necessary [21, 30].

C.2 Existing control strategy

The AFR management classically consists of a feedback loop (from the oxygen
sensor situated at the engine exhaust) [22, 81] associated with a feedforward term to
limit AFR fluctuations during torque transients [1 1, 20]. The AFR controller acts upon
the reference fuel mass which is sent to the injection system. The feedforward control

law is designed according to a prediction of the air mass in the cylinders® (in [11],

!Noting masp and my the aspirated air mass and injected fuel mass, the AFR is defined by
A 1 mas
AFR = 15 mfp‘
2Noting m?f and mg’;;d the injection feedforward set point and the predicted aspirated air mass

respectively, it follows mj:f £ AFlR‘ mg;;;d where AFR; is the stoichiometric AFR.
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Figure C.1: Three-way catalytic converter efficiency.

the authors present a large study about injection delays in the AFR control loop that
force using a prediction of the aspirated air mass). Such a control scheme is given

in Figure C.2.

air

mffs’p — Air path control actuators

Q
=
&
fuel =

injection

Feedback | AFR

control
pred
masp eth Pint Tint Ne

Air mass predictor

Figure C.2: AFR classical control scheme. A prediction of the aspirated air mass is
used to compute an injected fuel mass feedforward term. This term is completed by a
feedback loop using the AFR measurement.

C.3 Proposed alternative control strategy

In the previous chapters, an accurate control of the aspirated air mass has been
proposed, even in presence of disturbing VVT actuators. Provided a good aspirated
air mass set point tracking, an alternative solution that deeply simplifies the AFR

control strategy is proposed. Here, only the feedforward control term is focused on
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and no modification of the feedback term is made. Instead of computing a predicted
aspirated air mass (which becomes complicated due to the multiplicity of the air path
actuators), it is assumed that the reference signal for the aspirated air mass is tracked.
The proposed control scheme is given in Figure C.3. The aspirated air mass set point is
given for the feedforward fuel injection term computation. At the same time, this signal
is delayed (to account for the previously discussed injection delays)® before entering in

the air path control block.

air

mgk, 2—d Air path control ACtators ,,
Q
g
B0
=1

ff fuel

1 Ty * injection =

AFR, > >

4

Feedback | AFR
control

Figure C.3: AFR proposed control scheme.

C.4 Experimental results

The presented AFR control strategy have been test on experimental test bench and

on vehicle. The engine under consideration is presented in Section 3.3.1.

C.4.1 Test bench results

The first experiment is about torque transients at constant engine speed (2000 rpm)
at test bench. Here, the proposed strategy is validated and compared with a classical
strategy. One use the name “strat” to denote the strategy presented above, and “ref”
to denote the classical control strategy presented in [43]. This second strategy is based
on an aspirated air mass prediction for AFR control. Figure C.4 presents the results
for the torque response (Figure C.4(a)) and AFR management (Figure C.4(b)). AFR
management is better with the proposed control strategy. Let e = AFR*” — AFR define
the error between the stoichiometric AFR and the measured value, and consider the
two performance metrics |le||, and |le[|,. Table C.1 compares the two controllers when

used with the transients presented in Figure C.4. The good AFR control follows from

3Notice that this delay introduced between the driver’s pedal command and the air path actuators
is short enough to be imperceptive to the driver.
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the good aspirated air mass tracking (air path control details are given in Figure A .4).

Performance metric  Classical AFR control Proposed AFR control

(“ref”) (“strat”)
lells 2.8731 1.3932
el 0.1882 0.0814

Table C.1: Comparison of controller performance.
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Figure C.4: Experimental results for a four-cylinder SI engine at constant engine speed
(2000 rpm). Comparison of torque and AFR control between two control strategies.

C.4.2 Vehicle results

The two following experiments follow from vehicle results. Figure C.5 and Figure C.6
are typical vehicle situations referring to gear change and take off respectively. In both
figures are presented torque, aspirated air mass, intake manifold pressure and AFR
tracking. First, a good tracking of the aspirated air mass is permitted by the coordi-

nated control strategy presented in Chapter 3. The low-level intake manifold pressure
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controller behaves well because of the trajectory-tracking based strategy presented in
Appendix A. Finally, for these reasons, the feedforward given to the AFR controller is
good and then the AFR peaks are limited during transients. Note that the AFR set

point change corresponds to a gear change.

Aspirated air mass (mg/str)

0
Time (s) Time (s)
(a) Torque (b) Aspirated air mass
—07 . :
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(¢) Intake manifold pressure (d) Air/Fuel Ratio

Figure C.5: Experimental results during a vehicle gear change. AFR controller succeeds
in keeping the AFR near from the stoichiometric value.

C.5 Conclusion

An alternative AFR control strategy has been presented. It is proposed to give
aspirated air mass set point instead of prediction to the injection feedforward control
scheme. On top of simplifying the control scheme, it permits to increase robustness
of the control strategy (by avoiding using measurements in the injection feedforward
term). It is obvious that this AFR strategy works if the aspirated air mass controller
well tracks its set point. Experimental results at test bench and on vehicle show good

results of the strategy.
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Figure C.6: Experimental results during a vehicle take off. AFR controller succeeds in
keeping the AFR near from the stoichiometric value.
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Static positioning of the VVA

actuators

D.1 Static positioning of the VVT actuators

Figure D.1(a) and Figure D.1(c) represent the look-up tables that give exhaust and
intake VV'T actuators positions on the whole engine operating range, respectively. Fig-
ure D.1(b) shows the impact of the exhaust and intake VVT actuators on the valves
phasing. It shows that a large overlap is particularly used at part and high load in or-
der to permit to trap burned gases and to scavenge fresh air respectively (as explained

earlier). The overlap is reduced at low load to avoid combustion instabilities.

o0 o0
Zw E
£ 30 [- - -Exhaust valve —Intake valve] \g
= =
= 20 =
z g =
~ 10 =
Z 2 B
@ = =
2o = ]
4 300 S
600( 600(
2000 ' R 2000
Torque (Nm) 0 Engine speed (rp TDC Crankshaft angle Torque (Nm) 0 Engine speed (rp

(a) Exhaust VVT look-up table. (b) Intake and exhaust VVT actu-  (c) Intake VVT look-up table.
ators control the valves phasing.

Figure D.1: Static positioning of the VVT actuators (®;,; and ®.,p, stand for intake
and exhaust actuators respectively) as functions of the engine operating points.
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D.2 Static positioning of the VLD actuator

Figure D.2(a) represents the look-up table that gives the VLD actuator position
on the whole engine operating range. Figure D.2(b) shows the impact of the VLD
actuator on the second exhaust valve lift. It clearly appears that the second valve lift is
particularly used (®,,, > 0) at low and partial load to compensate for too low exhaust

temperatures obtained with only external EGR.
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(a) Look-up table giving VLD actuator position in (b) VLD actuator controls the exhaust valve lift re-
regards to the engine operating point. opening.

Figure D.2: Static positioning of the VLD actuator (®,;4 stands for the VLD position)
in regards to the engine operating points.

130



Appendix E

Publications

E.1 Conference papers

[45]

T. Leroy, J. Chauvin, N. Petit, and G. Corde. Motion planning control of the
airpath of an SI engine with valve timing actuators. In Proc. of International
Federation of Automatic Control (IFAC) Symposium on Advances in Automo-
tive Control, volume 5, 2007

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
SI engine. In Proc. of the Society of Automotive Engineering World Congress,
number 2008-01-0983, 2008

T. Leroy, J. Chauvin, and N. Petit. Airpath control of a SI engine with variable

valve timing actuators. In Proc. of the American Control Conference, 2008

T. Leroy, J. Chauvin, and N. Petit. Controlling air and burned gas masses
of turbocharged VVT SI engines. In Proc. of the 47th IEEE Conference on
Decision and Control, 2008

T. Leroy, M. Bitauld, J. Chauvin, and N. Petit. In-cylinder burned gas rate
estimation and control on VVA Diesel engines. In Proc. of the Society of Au-
tomotive Engineering World Congress, number 2009-01-0366, 2009

T. Leroy, J. Chauvin, and N. Petit. Controlling in-cylinder composition on
turbocharged variable-valve-timing spark ignition engines. In Proc. of the Fu-

ropean Control Conference, 2009
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E.2

[49]

T. Leroy, J. Chauvin, and N. Petit. Transient burned gas rate control on VVA
equipped Diesel engines. In Proc. of International Federation of Automatic
Control (IFAC) Symposium on Advances in Automotive Control, 2010, Sub-
mitted

Journal contributions

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 SI
engine. SAFE International Journal of Engines, 1(1):627-635, 2009

T. Leroy, J. Chauvin, and N. Petit. Motion planning for experimental air path
control of a variable-valve-timing spark ignition engine. Control Engineering
Practice, 17(12):1432-1439, 2009

T. Leroy, J. Chauvin, and N. Petit. Coordinated transient control of tur-
bocharged variable-valve-timing spark-ignition engines. IFEFE Transactions on
Control Systems Technology, 2009, Submitted

Patent

T. Leroy and J. Chauvin. Procédé pour controler la masse de gaz enfermée dans
un cylindre d’un moteur essence a distribution variable. Patent EN. 09/00264,
2009
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Contréle du Remplissage des Moteurs a Combustion Interne équipés de
Systemes de Distribution Variable

RESUME :

Nous étudions la production de couple et de polluants de moteurs & combustion interne a distribution
variable d'un type fréqguemment répandu dans l'industrie automobile (moteurs Diesel ou essence). Les
systémes de distribution variable (VVA pour Variable Valve Actuation) ont été introduits dans les
moteurs pour optimiser I'efficacité du fonctionnement global sur des plages trés larges de points de
fonctionnement, considérés a I'équilibre.

A tout instant, les résultats de la combustion dépendent du remplissage en air/gaz briilés du cylindre,
qui lui méme dépend de la position des actionneurs VVA et des conditions dans le collecteur
d'admission. Ces deux sous-systémes ont des temps de réponse différents, ce qui conduit, pendant
les transitoires, a des pertes d'efficacité du moteur. Dans cette thése, nous proposons une solution a
ce probléme, qui prend la forme de boucle de coordination entre les sous-systéemes de contrble de
bas-niveau. Cette coordination s'effectue par l'intermédiaire d'un modéle de remplissage développé
dans ce manuscrit. Des résultats expérimentaux établissent qu'il est possible d'améliorer la production
de couple et de réduire les polluants.

Mots clés : Moteur & combustion interne, Distribution variable, Contréle moteur, Remplissage,
Coordination dynamique

Cylinder Filling Control of Variable-Valve-Actuation equipped Internal
Combustion Engines

ABSTRACT :

The production of torque and pollutants of Variable Valve Actuation equipped internal combustion
engines found in the automotive industry (both Diesel and gasoline engines) is studied. Variable Valve
Actuation (VVA) is a technology which has been introduced to optimize engine efficiency at steady-
states covering a wide range of operating conditions.

In more details, the outcome of the internal combustion engine (torque and pollutant) depends on the
cylinder filling at each stroke which, itself, depends on the VVA positions and the engine intake
manifold conditions. These two subsystems have inconsistent response times which results in
efficiency losses during transient operations. In this manuscript, a remedy for this issue which takes
the form of coordination loops of low-level controllers is proposed. This coordination uses a cylinder
filing model, designed in the thesis. Experimental results prove that torque production and pollutant
emissions can be improved.

Keywords : Internal combustion engine, Variable Valve Actuation, Engine control, Cylinder filling,
Dynamical Coordination
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