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Abstract: This article analyzes the influence of the ignition retardation on the fuel consumption,
the cumulative tailpipe hydrocarbon emissions, and the temperature inside the three-way catalytic
converter in a gasoline direct injection engine operated under idling conditions. A dedicated
cylinder-individual, model-based, multivariable controller was used in experiments in order to
isolate the effect of the ignition retardation on the hydrocarbon emissions as much as possible.
An optimal control problem for a gasoline engine at a cold-start is formulated, which is used to
interpret the experimental data obtained. The corresponding goal is to minimize the fuel consumption
during an initial idling phase of a fixed duration while guaranteeing that the three-way catalytic
converter reaches a sufficiently high final temperature and at the same time making sure that the
cumulative hydrocarbon emissions stay below a given limit. The experimental data indicates that the
engine should be operated with maximum ignition retardation in order to reach any temperature
inside the three-way catalytic converter as quickly as possible concurrently with minimum tailpipe
emissions and with the minimum possible fuel consumption.

Keywords: gasoline direct injection engine; GDI; cold-start; catalyst heating phase; ignition
retardation; hydrocarbon emissions; multivariable control

1. Introduction

Gasoline engines can be used with a three-way catalytic converter (TWC) as the sole exhaust
gas aftertreatment system when operated at a stoichiometric air-to-fuel ratio. TWCs have proven
to successfully cope with the ever more stringent emission limits, being able to convert more than 95%
of the relevant raw engine-out emissions under nominal operating conditions [1]. However, as long as
the temperature of the TWC is below the “light-off temperature” of around 250 °C, its conversion rate
is significantly reduced. As a consequence, a large portion of the raw engine-out emissions are emitted
into the atmosphere untreated.

These unfavorable conditions occur during the first 40 to 100 s after the cold-start of an engine,
that is, during the phase in which the temperature of the TWC is below light-off. Studies show
that among all relevant emissions, namely carbon monoxide, nitric oxides and hydrocarbons, the
total hydrocarbon emissions during a complete test procedure are affected most by this first phase
of an engine start. Specifically, the hydrocarbon emissions during this first phase make up 60-80%
of the total hydrocarbon emissions on a regulatory test procedure [2—4]. These findings motivate the
investigation of the cold-start hydrocarbon emissions of a gasoline engine.

Most emission test procedures include an engine idling phase of a fixed duration before the drive
cycle is started, which can be used by car manufacturers to heat up the TWC. The complete initial
idling phase can be divided into two phases with distinctly different engineering goals. The first phase,
the crank and run-up phase, has to ensure a reliable start of the engine from stand-still to a stable
operation at idle speed. The complete first phase takes a couple of seconds to finish. The subsequent
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second phase is the catalyst heating phase. The duration for the TWC to reach a temperature that
results in a significant conversion rate is in the order of several tens of seconds.
Strategies for the catalyst heating phase can be categorized as follows:

1. Strategies with additional hardware components that enable a fast heat-up process, such as
secondary air pumps [5-7] or electric heaters [8,9].

2. Strategies without any additional hardware components that generate hot exhaust gas using
dedicated combustion control techniques.

In terms of costs, strategies without any additional components are clearly the preferred choice.
Generally, these strategies rely on the retardation of the ignition angle from its optimal setting to
after top dead center, which leads to a late combustion process that can even extend into the exhaust
manifold. This results in a high exhaust gas enthalpy and therefore heats up the TWC quickly.

A highly retarded ignition is particularly suited for use in gasoline direct injection (GDI) engines.
Injecting a small amount of fuel shortly before the ignition generates a rich and ignitable mixture
around the spark plug, which enables a stable combustion process even at very late ignition angles.
This is the state-of-the-art injection strategy during the catalyst heating phase that is often referred to
as homogeneous split mode [10-13].

There is a consensus in literature that a high ignition retardation in combination with
a homogeneous split mode injection strategy can be used to lower the hydrocarbon emissions during
the catalyst heating phase [14-17]. An open question at this point, however, is how exactly the ignition
angle should be controlled during the initial idling phase. Depending on the preferences of the car
manufacturer or the specific boundary conditions of the test procedure, such as the duration of the
idling phase, either more or less ignition retardation could be the optimal control strategy. A larger
ignition retardation leads to a lower engine efficiency and, as a result, to a higher fuel consumption
on the one hand, but to a faster catalyst heat-up process on the other hand.

The contribution of this article is an investigation based on experimental data of the trade-off
between fuel consumption, TWC temperature increase, and cumulative hydrocarbon emissions for
various degrees of ignition retardation during the initial engine idling phase of a gasoline engine
cold-start. Other emission species such as carbon monoxide and nitric oxides are not discussed within
the scope of this article. An optimal control problem formulation for the catalyst heating phase
is discussed. This discussion is relevant insofar, as otherwise the interpretation of the experimental
data is not intuitively possible. The practical implementation of the engine cold-start is described
and illustrated, including the design of a model-based, multivariable controller designed specifically
for these experiments. The practical implementation presented allows for an analysis of the effect
of varying degrees of ignition retardation during the idling phase, independently of any distortions
introduced by a varying engine speed or by cylinder imbalances in the air-to-fuel ratio.

The content of this article is structured as follows: In Section 2.1, the formulation of the optimal
control problem during the idling phase at a cold-start of a gasoline engine is given. Section 2.2
describes how the engine is controlled during the idling phase. In Section 3, the setup used to
acquire the experimental data presented and the corresponding post-processing steps are described.
In Section 4, the effects of varying degrees of ignition retardation on the fuel consumption, the tailpipe
hydrocarbon emissions and the evolution of the TWC temperature are presented and discussed.
In Section 5, the contributions and conclusions are summarized and an outlook on possible future
work is given.

2. Optimum Engine Control

2.1. Optimal Control Problem at Cold-Start

The initial idling phase at a cold-start lasts 20 s on the FTP-75, while on the NEDC it is 11 s. On the
WLTP, which will replace the NEDC in the near future, the initial idling phase is expected to stay at 11 s,
while on a future RDE test procedure it can be arbitrarily short. Optimally, at the end of the relatively
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brief idling phase, the TWC is sufficiently hot such that it is able to convert most of the unavoidable
engine-out emissions during the drive cycle that follows. Therefore, the goal during the idling phase
is often understood as simply heating up the TWC as fast as possible. However, the goal of a car
manufacturer is to keep the emissions below a certain defined limit while using as little fuel as possible
throughout the complete test cycle. Therefore, the problem of optimally designing the initial idling
phase should be solved considering the complete test procedure, that is, including the idling phase
together with the following drive cycle. This problem, however, is difficult to analyze, especially from
an experimental point of view, due to many factors that can significantly affect the total cumulative
emissions during the drive cycle period. Therefore, in the current study, an engineering-approach
simplification is applied that allows us to reduce the optimal control problem of the complete test
procedure to the idling phase only. The definition of the control problem can then be used to interpret
the experimental data obtained.

The simplified optimal control problem during the fixed duration idling phase at a cold-start
of a gasoline engine is defined as follows:

T
min/ iy (t) dt
0

subject to
)

ﬁTWC (T) > ﬁTWC,drivecycle,init

T
/O fiHC (t) dt < mHC,idling,max

The time interval from t = 0 to t = T constitutes only the initial idling phase of the test procedure,
while the actual drive cycle starts at time t = T.

The goal up until time T is to heat up the catalyst to a predefined temperature level 1w drivecycle,init
that results in a sufficient conversion efficiency of the TWC during the subsequent drive cycle.
A sufficently high temperature dtwc(T) = OTWC,drivecycleinit Will lead to low tailpipe emissions during
the subsequent drive cycle phase of the test, muc drivecyde = f(9TWC,drivecycle,init)- The relationship
MHC drivecycle = f (OTWC, drivecycle,init) can be identified experimentally. It is a monotonically decreasing
function; that is, the hotter the catalyst is at the beginning of the drive cycle, the lower the resulting
hydrocarbon emissions are during the subsequent drive cycle.

The cumulative emissions during the idling phase must not exceed the value myc idling max-
Therefore, subtracting mpc drivecycle from the total allowed tailpipe emissions of the complete test
procedure, TMHC testprocedures yields the maximum allowed cumulative tailpipe emissions during the

idling phase, MHC idling,max

mHC,idling,max = mHC,testprocedure - mHC,drivecycle

Finally, the objective of the control problem is to minimize the total amount of fuel m, used during
the idling phase, as any fuel spent unnecessarily increases the resulting CO; rating of the vehicle.

The structure of the problem described in Equation (1) inherently couples the total fuel
consumption, the final temperature, the cumulative hydrocarbon emissions, and T, the duration
of the initial idling phase. All the variables depend on the test procedure, and all but the duration T are
also directly influenced by the specific emission limits that must not be exceeded. More interesting than
finding one particular optimal solution is therefore understanding exactly how those variables change
over time as well as with respect to each other when one specific control strategy is applied during
the initial idling phase. Various control strategies can then be selectively evaluated by comparing the
evolution of the resulting quantities, such as the TWC temperature or the cumulative emissions, with
respect to each other.
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The insight gained from Equation (1) is used in Section 4.2, where experimental data is illustrated
in a way that allows for a graphical evaluation of an optimal ignition retardation strategy for any given
boundary conditions.

2.2. Engine Control

The ignition angle is not the only variable that has an influence on both the thermal behavior
of the TWC and the hydrocarbon emissions during the idling phase. A different set point for the
air-to-fuel ratio or the engine speed can significantly change the overall system behavior. Furthermore,
maldistributions in the air-to-fuel ratio among the cylinders can strongly distort the sensitivity analysis
of the ignition retardation. In order to isolate the effect of the ignition retardation as much as possible,
a multivariable (MIMO) feedback control scheme is implemented, which enables a cylinder-individual
engine control. The control scheme, the choice of the corresponding control set points, and the resulting
final implementation of the complete idling phase are discussed in the following paragraphs.

2.2.1. Model-Based Controller Design

In order to apply model-based control theory, a physically motivated mathematical model of the
engine is developed. The relative gain array (RGA) of the system modeled is used to analyze the
cross-couplings between its individual inputs and outputs. The results reveal that a multivariable
control structure is appropriate for the idle speed control problem given.

Engine Modeling and Model Validation

The engine behavior is modeled using a mean-value approach. The average behavior of the three
cylinders is described using one single cylinder model. Details of the modeling process of internal
combustion engines can be found in [18,19] and are not discussed further here.

An overview of the inputs and outputs of the complete mean-value model is shown in Figure 1.

Uy . We
—— 3| Throttle Position EngineSpeed [ 5
Ue - . A
»| Injection Duration Air-to-Fuel Ratio 3
ug . CoC
»| Ignition Angle Center of Combustion [ 3

Figure 1. Inputs and outputs of the mean-value engine model.

In Figure 2, the validation of the engine model is illustrated. The data used for validation was
not used in the identification process. The model is shown to predict all of the relevant trends in the
outputs when any of the inputs are changed.
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Figure 2. Validation of the mean-value engine model.

Relative Gain Array

The RGA matrix of the system is used to determine whether a MIMO controller design is suitable.
It is a useful measure of the interactions between the inputs and outputs of the system. It was first
introduced in [20] and is comprehensibly discussed in many textbooks, such as in [21]. Briefly stated,
a significant deviation of any of the entries in the RGA matrix from the value 1 or 0 indicates that
the corresponding output variable is influenced by multiple inputs. In such a case, a MIMO control
approach is often more promising than multiple independent control channels.

The RGA at the crossover frequency of the system depicted in Figure 1 at an operating point
of w, = 1200rpm, A = 1.05 and CoC = 110 °CA ATDC (degree crank angle after top dead center) is
shown in Table 1. The numerical entries illustrate that the engine speed as well as the air-to-fuel ratio
are significantly influenced by both the throttle position and injection duration, suggesting that it may
prove difficult to control these two system outputs independently using two individual single-input
single-output controllers. As a consequence, a MIMO controller was designed as described in the
following paragraphs.

Table 1. Relative gain array (RGA) matrix of the system shown in Figure 1.

Uy Uy ug

we 049 062 —0.11
A 032 074 —0.06
CoC 019 -036 1.17
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Controller Design

The basic structure of the MIMO feedback controller used in the experimental part of the work
is shown in Figure 3.

We ref + ~ Uy
> > —
We
+ Uyl
M
Aref A > o2
Ay
+ Up3
C —
A3
+ Uz
—»-(O)—————> —
COC1
COCref + ~ ug/z
> > —>
TCOCZ
+ Urs
—( )——> —>
COC3

Figure 3. Basic structure of the multivariable controller.

The main control variable is we, the rotational speed of the engine. The air-to-fuel ratios of the
cylinders are controlled individually using dedicated A sensors. The individual in-cylinder pressure
sensors are used to calculate the center of combustion, which is an indicator of the ignition retardation.

Experiments show that when the engine is operated at a large ignition retardation, which
corresponds to a certain engine air mass flow, if all the cylinders are set to the same center of combustion,
a more stable engine operation results than when all the cylinders are set to the same ignition angle.
Therefore, the cylinder-individual center of the combustion feedback control loop was found to
increase the engine operating range towards larger ignition retardation values. Although the controller
structure allows the center of combustion in each cylinder to be controlled individually, within the
scope of this study, the cylinders were always set at the same reference value. Experiments with
varying degrees of ignition retardation were conducted by varying the center of combustion set point
CoC,es. Figure 4 illustrates the correlation between the ignition angle and the center of combustion in
the individual cylinders and clearly shows that a later center of combustion always corresponds to a
larger ignition retardation.

The control actuators are the throttle plate angle u, and the cylinder-individual values for the
injection duration u, and the ignition angle u;.

An infinite-horizon linear quadratic regulator design is used for the feedback controller,
as described in detail in [22].

In order to apply the state feedback, a state observer is added. The combination of an
observer-based state estimation and a linear state feedback control law results in a feasible output
feedback control system referred to as linear-quadratic-Gaussian (LQG).

The LQG controller structure is extended as follows: Every controller output is augmented
by integrative behavior, which is required for reference tracking. This approach is discussed in detail
in [22]. A model-based feedforward part is included, which was found to significantly increase the
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controller performance in transient operating conditions. The controller is discretized on an engine
segment-time basis.

The performance of the controller is discussed in Section 2.2.3.

I
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—e— Cylinder 1

- - Cylinder 2

--@ - Cylinder 3
I I
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|
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CoC in °CA ATDC

Figure 4. Correlation between center of combustion (CoC) and ignition angle ({ign) in all three cylinders.

2.2.2. Control Set Points

The engine idle speed set point was w, = 1200 rpm throughout all the experiments. This value
represents a typical state-of-the-art elevated idle speed used during the catalyst heating phase.

In order to identify a reasonable set point for the air-to-fuel ratio, a preliminary analysis was
performed using the MIMO controller described in the previous section. The engine was operated
under idling conditions at 1200 rpm, at various fixed centers of combustion, and at various air-to-fuel
ratios. Figure 5 illustrates the resulting hydrocarbon concentrations upstream of the TWC as a function
of the air-to-fuel ratio upstream of the catalyst, A twc.

The experimental data indicates that an air-to-fuel ratio of around A,rwc = 1.07 leads
to comparatively low hydrocarbon emissions regardless of the center of combustion. The set point
used in the following idling phase experiments was therefore chosen to be A twc = 1.07. This value
leads to the hydrocarbon emissions not being very sensitive to control undershoots or overshoots

while at the same time being very close to the lowest achievable emissions in terms of a fixed air-to-fuel
ratio set point.

5 " e CoC = 80°CA
% 4,000 Sy -0 -CoC = 90°CA
= SO - - CoC = 100°CA
g N ‘\:» —e— CoC = 110°CA
& 2,000 e °
& 1,000

500
0.95 1 1.05 1.1 L.15
AuTWC

Figure 5. Hydrocarbon emission concentration xyjc measured upstream of the catalyst when the
air-to-fuel ratio in steady-state operating conditions is varied. The fixed set point for all cold-start
measurements is defined as A rwc = 1.07, indicated in gray.

2.2.3. Practical Implementation

One of the main goals of the practical implementation of the idling phase is to ensure reproducible
and comparable measurements. On the other hand, the hydrocarbon emissions and the temperature
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evolution inside the TWC should not be significantly influenced by the fluctuation or change of any
variable other than the center of combustion.

Initial experiments using the starter motor to crank up the engine indicated that it is very difficult
to repeat the crank and run-up phase with consistent results in hydrocarbon emissions because of the
highly transient engine behavior in the first few combustion cycles. The influence of the fluctuations
in the air-to-fuel ratio and engine speed in this first phase was so high that it was nearly impossible
to make any clear statements about which ignition angle is best in the subsequent catalyst heating
phase. Therefore, in the final practical implementation, the test bench brake is used to speed up the
engine to the desired idle speed and the clutch is disengaged only when a stable feedback control
is possible. The result is a reproducible implementation of the crank and run-up phase in terms
of emissions.

A description of the exact procedure follows, but Figure 6 also shows an illustration of the relevant
control and actuator signals over time. The stages described by (1) and (2) make up the crank and
run-up phase, while stage (3) is the catalyst heating phase.

(1) The engine is dragged up to w, = 1200 rpm using the test bench brake. No fuel is injected during
the first two seconds. During that time, the throttle is kept at a constant position. After two
seconds, the gas flow dynamics in the engine have reached steady-state conditions.

(2) After two seconds of dragging the engine, the combustion process is initiated while the clutch
to the test bench is still engaged. The following actions are performed: The values for the actuators
are kept constant and are identical for the cylinder-individual actuators. An injection duration
is chosen, which would lead to an air-to-fuel ratio of A twc = 0.95 in steady-state conditions.
This slight fuel enrichment guarantees a combustion without any misfires. One single injection
during the air intake stroke is applied. A fixed ignition angle of jgn = 25 °CABTDC is used.

(3) All the actuators are set to constant and always identical values during steps (1) and (2), regardless
of the center of combustion set point for the corresponding experiment. This is to ensure that
all measurements are based on the same starting phase of the engine. During steps (1) and (2),
no air-to-fuel ratio signal is available. As soon as the air-to-fuel ratio sensor in front of the
catalyst indicates Aywc < 1.07, the catalyst heating phase is initiated and the feedback control
is activated: The clutch connecting the engine to the test bench is disengaged, initiating a state
of engine idling. The injection strategy is switched to a homogeneous split mode; that is, most
of the fuel is injected during the intake stroke while a fixed small amount is injected shortly
before the ignition. The feedforward ignition angle is retarded to a value resulting in a late center
of combustion of CoC = 80 °CA ATDC. The feedback controller is activated; the fixed set points
are A = 1.07 for the cylinder-individual air-to-fuel ratio and w, = 1200 rpm for the engine speed.
The center of combustion set point is changed from CoC = 80 °CA ATDC to the desired final
set point with a ramp. This results in a coordinated transient behavior in all the feedforward
controller outputs.

In summary, the catalyst heating phase is initiated as soon as the lambda sensors are operational.

It was found that the three measures, a slight fuel enrichment, early ignition, and a single injection
pulse in step (2), lead to a reproducible starting phase without any misfires.

The performance of the aforementioned implementation in an experiment is illustrated in Figure 6.
The diagrams show that all controlled variables can be kept within narrow bands around their set
points. Specifically, the air-to-fuel ratio does not leave a narrow band around A,twc = 1.07, which
leads to low hydrocarbon emissions caused by air-to-fuel ratio variations even in the transient phase
when the clutch is opened.
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Figure 6. Actuator and control signals during the warm-up phase. Dashed black marker at 2 s: opening
of the clutch. Dashed black marker at around 3.5 s: starting of feedback control. The engine speed signal
w, is low-pass filtered with a cut-off frequency slightly lower than the engine segment frequency such
that oscillations due to the individual combustion events are filtered. All other signals are presented
in their raw form.

3. Experimental Setup and Procedures

The engine used in the experiments was a three-cylinder GDI engine with a central injector
position. A dSPACE real time system was used to control the actuators and to record the measurement
data. The sensor setup is schematically shown in Figure 7. The engine speed w, was measured using
the default engine speed sensor, which is not shown in Figure 7.

The air mass flow 71, was measured using the standard air mass flow meter (Type 0280218266,
Robert Bosch GmbH, Stuttgart, DE) shipped with the engine.

Each combustion chamber was equipped with a water-cooled pressure sensor (6041A, Kistler
Group, Winterthur, CH). The center of combustion (CoC) was calculated online using an approximation
of the net heat release in the combustion chamber proposed by Hohenberg [23].

In order to measure the air-to-fuel ratio of the individual cylinders independently, extension pipes
with a length of roughly 15 cm were mounted between the engine block and the exhaust manifold. Each
of the pipes accommodated an oxygen concentration sensor (LSU ADV, Robert Bosch GmbH, Stuttgart,
DE) built specifically for high temperatures. The extension pipes eliminated any cross-sensitivities of
the cylinder-individual air-to-fuel ratio signals measured by reducing the mixing of the exhaust gas
flows of the individual cylinders. An additional oxygen concentration sensor (LSU 4.9, Robert Bosch
GmbH, Stuttgart, DE) was placed upstream of the TWC.

The temperature inside the TWC was measured 1 and 5cm downstream of the front face of the
brick. In both places, a small hole was drilled parallel to the front face, extending from the outer
diameter all the way down to the centerline of the TWC, into which a K-type thermocouple (MTE 201,
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SAB Brockskes GmbH & Co. KG, Viersen, DE) was inserted. In the location 1 cm downstream of the
front face, the temperature-dependent conversion is most effective during the catalyst heating phase.
The location 5 cm downstream of the front face is interesting because it can be used to analyze the
temperature gradient inside the TWC.

The total hydrocarbon emissions were measured using a fast HC analyzer (HFR400, Cambustion
Ltd, Cambridge, UK) incorporating two measurement channels with one measurement probe each.
One probe was placed upstream and the other one downstream of the TWC. The HFR400 device
measures hydrocarbon concentrations only. The corresponding hydrocarbon mass flow signals were
calculated using additional information obtained from the air mass flow meter located on the intake
side of the engine and the air-to-fuel ratio sensor A,twc, as follows. For a lean gasoline mixture in air,
the following combustion equation is assumed to hold:

CgHig+12-A- (02 +3.76-Np) — ...
8CO; +8H, 0O+ 12- (A —1) -0y +45.14- A - Ny
from which the number of parts n and the specific weights M of the fresh (f) and exhaust (e) gas are
calculated as
ng(A) =1+57.14- A
M¢(A) = (112.21 + 164859 - A) /(1 +57.14 - A)
ne(A) =4+57.14- A

The hydrocarbon mass flow is finally calculated as

do+1 ne(A(t))  Muc
oo n(A(t))  Mi(A(t))

titac () = xpc(t) - g (t) -

where 0y is the stoichiometric air-to-fuel ratio and xpc(#) is the hydrocarbon concentration measured.
The specific weight corresponding to one hydrocarbon molecule detected, My, was taken as
14 g/mole due to the approximate gasoline C-H ratio of 1:2.

The instantaneous hydrocarbon conversion efficiency of the TWC is calculated as

fitpc,utwe () — fitac arwe (t)
titgc,utwe ()

nrwe(t) =

When represented in illustrations, the signal ntwc(t) was always filtered with an acausal,
phase-neutral low-pass filter at an appropriate bandwidth. The fluctuations of hydrocarbon
concentration data upstream of the catalyst made it impossible to calculate a reasonable conversion
efficiency characteristic otherwise.

The TWC was state-of-the-art zirconium dioxide washcoat-based and had been used in operation
for roughly 600 h.
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Figure 7. Schematic illustration of the relevant engine and sensor components.

4. Results and Discussion

These paragraphs contain the analysis of the engine and TWC behavior during the warm-up
phase when a constant center of combustion strategy is applied. The analysis illustrates some of the
effects caused by varying the fixed ignition retardation used in the catalyst heating phase.

All the experiments used for the following analyses were conducted using a center of combustion
set point in the range between CoC = 80 °CA ATDC and CoC = 110 °CA ATDC, as it was found that
in this operating range no misfires occur. An ignition retardation resulting in a center of combustion any
later than CoC = 110 °CA ATDC can lead to misfires in the given engine configuration. The occurrence
of misfires was found to display a rather unpredictable stochastic behavior and made it impossible
to make any clear statements regarding how much ignition retardation is best in terms of emissions.

All cumulative emissions shown in the following illustrations include the emissions of both the
engine crank and run-up phase as well as the catalyst heating phase.

At least three measurements were taken at each center of combustion set point. The experiments
exhibited a high reproducibility and therefore only one representative experiment at each center of
combustion set-point is shown in the following illustrations for better visibility of the individual signals.

4.1. Time-Based Analysis

The top plot in Figure 8 illustrates one important aspect of a varying ignition retardation.
At a constant air-to-fuel ratio, a later combustion requires a higher air and corresponding fuel mass
flow for the engine to run at the same idle speed. This effect is due to the resulting lower efficiency
of the engine. In addition to the higher mass flow, the exhaust gas temperature is higher as well.

The consequence of these effects in combination is shown in the second plot from the top.
Two pairs of temperature profiles are shown, each corresponding to a different fixed center
of combustion set point. A later center of combustion results in a faster increase of the TWC temperature.
The temperature at 5cm downstream of its front face exhibits a plateau at about 55 °C regardless of the
center of combustion set point. This plateau is due to the condensation and evaporation of water vapor
contained in the exhaust gas. The vapor condensates whenever its absolute concentration exceeds
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100% relative humidity in the exhaust gas. (The exhaust gas of an engine operated at A = 1.05 consists
of 12.8% water vapor.) A discussion and an appropriate first-principle model of these effects can be
found in [24]. The data in Figure 8 shows that at high exhaust mass flows, the catalyst starts converting
hydrocarbons even if it still contains liquid water at 5cm downstream of its front face.
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Figure 8. Influence of the center of combustion on the engine and catalyst behavior during the warm-up
phase. In the second plot from the top, the temperatures are shown for the cases CoC = 110 °CA ATDC
and CoC = 90 °CA ATDC only for better visibility.

The third plot from the top illustrates the fact that the catalyst is driven towards its maximum
conversion efficiency independently from the severity of the ignition retardation. Clearly, however,
later ignition angles lead to a faster onset of the hydrocarbon conversion and to a faster increase in the
conversion efficiency over time.

Two main conclusions can be drawn from the bottom plot, which represents the cumulative
tailpipe hydrocarbon emissions over time. On the one hand, the cumulative emission curves clearly
indicate that later values of the center of combustion lead to a faster onset of the conversion inside the
TWC, which is the cause for the earlier stagnation of the cumulative emissions at a lower value. On the
other hand one, a later center of combustion leads to higher cumulative tailpipe hydrocarbon emissions
at the very beginning of the experiment. Flames inside the cold exhaust system are extinguished,
and the unburnt fuel constitutes hydrocarbon emissions. Earlier centers of combustion do not suffer
as much from this effect because more of the combustion takes place inside the hotter cylinders.
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4.2. Temperature-Based Analysis

The illustration of experimental data with the time on the abscissa as shown in Figure 8
helps us to understand the physics that distinguish the individual center of combustion strategies.
However, a time-based representation is not helpful for deciding which control strategy is best in
terms of an optimal catalyst heat-up with respect to Equation (1). The different heat-up strategies
result in different TWC temperatures and different cumulative hydrocarbon emissions when they are
compared at the same point in time and therefore render a direct comparison impossible. A rather
more intuitive choice is to show the temperature inside the catalyst on the abscissa. The result
is a time-implicit representation of the experimental data with a focus on the relevant question, namely
how signals such as the cumulative tailpipe hydrocarbon emissions evolve as the temperature inside
the catalyst increases.

In Figure 9, data from the same experiments as in Figure 8 is used. However, as stated above,
the abscissa represents the temperature inside the catalyst, 91w 1cm-
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Figure 9. Fuel consumption, cumulative tailpipe hydrocarbon emissions, and cumulative engine-out
hydrocarbon emissions over the temperature inside the catalyst. All signals are shown for a duration
of 200 s.
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The data in Figure 9 illustrates the result that a high value of ignition retardation is advantageous
both in terms of minimal emissions and minimal fuel consumption. Any temperature inside the
TWC can be reached with a lower fuel consumption (top plot) and lower tailpipe hydrocarbon
emissions (middle plot) when a later center of combustion is used during the catalyst heating phase.
There is no phase for which an earlier center of combustion has any advantage over a later center of
combustion. Therefore, if the main goal is to increase the TWC temperature to a certain level higher
than ambient, there is no need to ever choose an earlier center of combustion over a later center of
combustion at the start of the catalyst heating phase in terms of emissions or fuel consumption.

The fact that less fuel is required to heat up the TWC at a later center of combustion is intuitively
understandable. The enthalpy flow entering the TWC is proportional to both the exhaust mass flow and
exhaust gas temperature. As illustrated in the two top plots in Figure 8, a later center of combustion,
although requiring a higher fuel consumption, leads to an additional increase in the exhaust gas
temperature. Therefore, the enthalpy flow is increased twofold (mass flow and temperature), whereas
only the mass flow increase requires an increase in the instantaneous fuel consumption.

The cumulative tailpipe hydrocarbon emissions at later center of combustion set points also are
strictly lower when shown with the temperature inside the catalyst on the abscissa. This observation
is not surprising when the evolution of the cumulative hydrocarbon emissions upstream of the
catalyst mpcyrwc is compared to the temperature inside the catalyst (bottom plot in Figure 9).
The corresponding emissions entering the catalyst are lower for later centers of combustion.
The surplus of enthalpy resulting from a later center of combustion, which heats up the catalyst,
appears to overcompensate for the corresponding surplus of absolute emissions in time, the very
beginning of which is evident in the bottom plot of Figure 8. In steady state, a larger ignition retardation
is found to lead to lower engine-out hydrocarbon emission mass flows. The same effect was observed
and analyzed in detail in [25]. The authors found that at large ignition retardations, unburned fuel
in the crevices re-enters the combustion chamber while the combustion is not yet over. The flame thus
consumes those remains, which decreases the amount of hydrocarbons exhausted.

In order to illustrate more clearly the advantage of using a later center of combustion, various
experiments at fixed centers of combustion during the warm-up were conducted. In Figure 10,
the hydrocarbon emissions produced and the time required in order to reach a defined temperature
level inside the catalyst are plotted against the corresponding fuel consumption.

The conclusion of the illustrations presented in Figure 10 is that any temperature level inside the
TWC can be reached with a lower fuel consumption and with lower cumulative tailpipe hydrocarbon
emissions, and reached faster when a larger ignition retardation is used in the catalyst heating phase.
This implies that when a fixed ignition retardation strategy is used, applying the largest possible
ignition retardation value is the optimal choice during the initial idling phase. The corresponding
optimal control problem is described in Equation (1).
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Figure 10. Cumulative tailpipe hydrocarbon emissions, total fuel consumption, and the time required
until a certain temperature in the three-way catalytic converter (TWC) is reached. Five different fixed
centers of combustion are compared; for each, three experiments are recorded. The gray areas are
bounded by the maximum and minimum measured data samples, while the lines represent the average
trends. With a set point of CoC = 80 °CA ATDC, O1wc 1cm = 400 °C cannot be reached within the
200 s analyzed.

5. Conclusions

The RGA of a mean-value mathematical model of a gasoline engine in idling conditions is used to
illustrate that there are strong cross-couplings between the actuators available and the control variables.
A model-based multivariable reference-tracking controller has been designed that allows reproducible
measurements to be taken at varying degrees of ignition retardation while the engine is idling, which
represents the initial idling phase of an emission test procedure. The experimental data is used to
illustrate the correlation between fuel consumption, cumulative tailpipe hydrocarbon emissions, and
the time required until the TWC has reached a certain temperature. An optimal control problem is
stated for the initial idling phase of an emission test procedure of gasoline engines. The insight gained
from the optimal control problem has been used to interpret the experimental data.

The influence of the severity of ignition retardation on the hydrocarbon emissions and the
temperature dynamics inside the TWC can be summarized as follows: Any temperature inside the
catalytic converter can be reached with a lower fuel consumption and lower cumulative tailpipe
hydrocarbon emissions, and can be reached even faster in time when a larger ignition retardation is
applied during the initial idling phase of an emission test procedure. In terms of an optimal catalyst
heating phase ignition angle strategy, this observation implies that the engine should be operated for
as long as necessary at the latest possible ignition angle in order to reach the desired final temperature
inside the catalytic converter. If the duration of the catalyst heating phase is very short, and thus
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the desired final catalytic converter temperature cannot be reached, a maximum ignition retardation
is still the best strategy to come as close to the desired temperature as possible while using as little fuel
as possible, and while at the same time emitting the lowest possible amount of hydrocarbons.

In all the experiments described in this article, the engine was operated in an ignition retardation
range in which no misfires take place. It would be interesting to find the extent to which the cold-start
behavior of the engine is affected by a relatively small misfire rate. Possibly at very late ignition angles,
a significant proportion of the unburnt fuel from a misfire process would still post-oxidize in the
exhaust manifold when it comes in contact with the flames exiting the other cylinders. This part of the
fuel would release heat very close to the TWC and thereby heat it up very quickly. A small misfire rate
could thus even be helpful at very high values of ignition retardation.

It would furthermore be interesting to find the extent to which the total cumulative hydrocarbon
emissions on a complete test procedure are affected by varying degrees of ignition retardation in the
initial idling phase. Such an analysis would require the complete drive cycle to be implemented in a
reproducible fashion, which is beyond the scope of the current article.
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Abbreviations

The following abbreviations are used in this manuscript:

CoC Center of combustion
FTP-75 Federal Test Procedure
GDI Gasoline direct injection
HC Hydrocarbon

MIMO  Multiple-input multiple-output

NEDC New European Driving Cycle

RDE Real Driving Emissions

TWC Three-way catalytic converter

WLTP  Worldwide harmonized Light vehicles Test Procedure
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