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Abstract

The automotive industry faces substantial challenges to
improve fuel economy and reduce emissions. New pow-
ertrain technologies use lean combustion, controlled
aftertreatment and increasingly complex designs to
wring-out additional efficiency from “conventional” re-
ciprocating engines while actively managing the con-
version of exhaust emissions. Model-based controls and
systems engineering practice are the keys to achieving
the benefits of these advanced combustion engine sys-
tems. This paper illustrates control applications for
an advanced technology engine, and describes an en-
gineering process that integrates model-based control
- design and strategy implementation in order to man-
age system and software complexity in an automotive
environment. In lieu of conclusions, a few opportuni-
ties for research are highlighted that address some of
today’s challenges in automotive powertrain control.

1 Introduction

Automotive emissions regulations and the requirement
for improved fuel economy have driven innovation in
powertrain design and control for more than three
decades. In Europe, “Stage I” emission standards were
introduced in 1992; in the United States, the very first
requirements on automotive pollution control date to
the mid-1960’s. Throughout the world, much has been
accomplished in this important area: emissions from
new vehicles in areas such as the United States and
Western Europe are up to 98% lower than they were
prior to the imposition of regulations. Nonetheless,
the total amount of automotive emissions, while much
lower, has not experienced as precipitous a decline,
amounting to only about a 50% reduction from pre-
regulatory levels due to increases in the number of cars
on the road, the number of miles travelled and the emis-
sions contributions of older vehicles {1]. Consequently,
emissions mandates continue to challenge technology
boundaries. In Europe, a 60% reduction in tailpipe
emissions of oxides of nitrogen (NQO;) is required in
the next decade to transition from the current “Stage
III” to “Stage V” emission levels (and diesels will be
as clean as gasoline vehicles). In the United States, a
ten-fold reduction in NO, is necessary over the same
time period to achieve California’s most stringent re-
quirements. As for fuel economy, the European Auto-
mobile Manufacturers Association has committed to a
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reduction in carbon dioxide emissions (essentially, fuel
consumption) for new passenger cars by over 25% to
an average of 140 g/km by 2008. Corporate Average
Fuel Economy (CAFE) regulations impose a minimum
fleet average miles per gallon requirement in the U.S.
Reductions in emissions and fuel consumption are soci-
etal obligations (regulated or not), but they cannot be
accomplished with a disregard for performance: cus-
tomers want vehicles that are fun to drive, responsive
and achieve good fuel economy; they expect environ-
mental stewardship.

These generally competing requirements of perfor-
mance, fuel economy and emissions have fostered the
development of advanced technology powertrains that
are typically complex and control intensive: they incor-
porate new sensors and actuators, effect new methods
of operation and are crucially dependent on the embed-
ded control system to deliver the benefits of innovative
powertrain hardware.

Although the control design problems for these ad-
vanced technology systems are in themselves difficult
ones, achieving the required system performance is not
the only challenge. The control systems for these com-
plex powertrains must be developed at minimal cost
and deployed in record time to meet the expectations
of a competitive market. Today, the cost structure of
the automotive industry imposes constraints on engi-
neering resources, while rapid time-to-market pressures
put the powertrain controller on the critical path of a
vehicle’s development schedule. Consequently, a sys-
tematic, model-based control development process that
relies on modern Computer Aided Control Systems De-
sign (CACSD) tools and methods is essential.

This paper is organized as follows: Section 2 describes
some of the advances that have been made, and outlines
challenges ahead with respect to controlling new pow-
ertrain systems. In Sections 3 through 5, a direct injec-
tion stratified charge engine and aftertreatment system
serves as an example of a model-based, systems-driven
control design that simultaneously achieves emissions
and efficiency objectives. In Section 6, a systems en-
gineering process for the automotive industry is de-
scribed that supports model-based development of ad-
vanced technology powertrains in a production environ-
ment. Finally, a few research opportunities for control,
based on the direct injection engine problem, are dis-
cussed in Section 7.



2 Achievements and Challenges

There are only three things one can do to conventional
reciprocating engines to achieve improved fuel econ-
omy: improve mechanical efficiency, improve thermal
efficiency and reduce pumping losses. For the control
engineer, these changes translate to additional sensors
and actuators, multiple operating modes, interactive
subsystems and new functionality. The challenge is
to maximize fuel economy within the constraints im-
posed by the emission regulations. The approach is
fundamentally multivariable and reliant on system and
subsystem models for control synthesis, analysis, adap-
tation and optimization. Some of these “control in-
tensive” systems include hybrid electric vehicles, al-
ready offered from some manufacturers and shortly to
be available from most others, plus “everything vari-
able” IC engines, many of which are on the road now.
Some examples include:

e Variable geometry turbochargers [4, 5, 6, 7, 8]

Variable cam timing [9, 10, 11, 12, 13]

Variable displacement engines [14]

Variable compression ratio

Continuously variable transmissions [15]

The difficulty of the modeling and control problems
posed by these systems is due to their complex physi-
cal nature, large scale and high number of independent
actuators. Furthermore, system objectives are often in
competition, such as simultaneously reducing oxides of
nitrogen emissions and increasing fuel economy, while
essentially “life of the vehicle” emissions requirements
mean robustness and adaptation are always system de-
sign considerations. In the following sections, model
development, some control design problems and sys-
tem optimization will be reviewed for one such “control
intensive” advanced technology powertrain.

3 A DISC Engine and its Multi-mode
Operation

Sun et al. [2, 3] describe modeling and control of a
direct injection stratified charge (DISC) gasoline en-
gine, and discuss the fundamentally hybrid nature of
the system. This model, plus a control-oriented repre-
sentation of the exhaust aftertreatment, is the founda-
tion of a systems approach that is essential to achieving
fuel economy and emissions goals for this engine. The
model is reviewed in the following paragraphs.

A DISC engine, like a diesel, injects fuel directly into
the combustion chamber, and offers substantially im-
proved fuel economy through stratified combustion.
This significantly extends the lean air-fuel ratio (A/F)
operating limit and reduces pumping losses. The cost
of improved fuel efficiency is increased system com-
plexity and a critical dependence on control to de-
liver the benefits expected of the hardware. The direct
injection engine is different from a typical port fuel-
injected engine in several respects. Most importantly,
the DISC engine can, depending on speed and load,
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Table 1: Sensors and actuators for DISI control.

[ Actuators and actuations Sensors
Electronic throttle [ Throttle position sensor
Electronic EGR vaive MAP
Spark timing Engine speed
Swirl control valve MAF

Fuelrail pressure Intake temperature

Fuel pulsewidth UEGO and/or HEGOs

Fuel injection timing LNT temperature

operate in one of three combustion modes: homoge-
neous at air-fuel ratios that are stoichiometric (about
14.64) or rich, homogeneous lean (between stoichiome-
try and about 20:1) or stratified. A homogeneous A/F
mixture is achieved by injecting fuel early in the in-
take stroke. Stratification is achieved by injecting late,
during the compression stroke, forming a combustible
mixture near the spark plug and a very lean mixture
(air-fuel ratios around 40:1) throughout the rest of the °
cylinder. The torque and emission characteristics cor-
responding to homogeneous and stratified operation are
so distinct that different control strategies are required
to optimize performance in the two regimes. Note also
that, in addition to the usual control variables such
as throttle position, ignition timing, exhaust gas re-
circulation (EGR) and fueling rate, the DISC engine
requires new inputs including injection timing, fuel rail
pressure and swirl control, at a minimum (Table 1).
Finally, the ultra-lean A/F operation of the direct in-
jection engine mandates the use of a special, actively
controlled catalytic converter called a lean NO, trap
(LNT) to manage oxides of nitrogen emissions. This
device traps NO, during lean operation, but needs to
be periodically purged in the homogeneous combustion
mode at an A/F rich of stoichiometry. Transitions be-
tween stratified and homogeneous operation must be
accomplished rapidly to minimize fuel consumption,
but with torque disturbances that are imperceptible
to the driver. Importantly, DISC engine subsystems
are highly interactive and cannot be decoupled without
degrading system performance. Table 2 shows the cou-
pling between control inputs and performance indices
for conventional port fuel injection (PFI), and DISC
engines. While the functional partitioning for actua-
tors and I/O naturally follows from Table 2 for a PFI
engine, the fundamentally multivariable nature of the
DISC means that decentralized, “one SISO loop at a
time” control development is not an option.

The DISC engine model is illustrated in Figure 1. On
the surface, the model structure is not dissimilar to
a conventional engine, consisting of the throttle, in-
take manifold dynamics, engine pumping, torque gen-
eration, rotational inertia and feedgas emissions. Be-
cause of the different characteristics for homogeneous
and stratified operation, the model is, in fact, hybrid in
the sense that most components are represented by two
continuous-variable sub-models with a discrete switch-
ing mechanism to select the appropriate characteriza-
tion based on injection timing. For example, the emis-



Table 2: Steady state input/output coupling for PFI and
DISI engines.

PFI
Torque { Emissions | Feedgas [ Exhaust |
(AFR) NOx temp.
Throttle .
Fuel .
EGR . °
Spark ) B o °
DISI
orque | HC/CO [ Feedgas [ Exhaust
emissions | NOx temp.
Throttle D . . °
Fuel . ° ° )
EGR o B . °
Spark o ° o °

- e strong coupling, o: weak or moderate coupling

sions characterization is substantially different between
homogeneous and stratified operation as shown in Fig-
ure 3. Additionally, the injection-to-torque delay, fun-
damentally associated with the four stroke engine cycle
(intake-compression-power-exhaust), becomes a func-
tion not only of engine speed, but also of the operating
mode that dictates the relationship between the injec-
tion and combustion events. The mathematical struc-
ture of the DISC model is detailed in the appendix.

The purpose of developing the model is, of course, to
synthesize a control system that will ultimately be im-
plemented on the real engine. Some of the control
elements that must be developed and integrated in-
clude air charge management, mode transition control
with constraints on A/F and torque, EGR control, idle
speed control and, crucially, management of the ex-
haust aftertreatment system. A supervisory controller
[17, 18] establishes the combustion mode, and deter-
mines setpoints for lower level feedback control of fuel
quantity and timing, spark, throttle and EGR valve
position.

In [3, 16}, the model forms the basis for the develop-
ment of an adaptive cylinder charge and EGR con-
troller that is robust to changes in the effective flow
area of the EGR valve caused by soot deposits formed
during stratified operation. It is shown that even a
modest reduction in flow area results in a substantial
penalty in feedgas NO, emissions. The intake manifold
pressure dynamics are described by

f’m = c’m(Wth + Wegr ~0- chl) (1)
where Weq, is an estimate of the EGR flow; Wy, is
an estimate of the flow into the cylinders multiplied
by an adaptive correction, #; W, is the measured flow
through the throttle; and c¢,, depends on the mani-
fold temperature, volume and gas constant. The EGR
estimate is developed by an observer that uses the
measured manifold pressure plus throttle and cylinder
flows:

E = —~@-Cpy '(5" Wth+0chl+0‘pm)’
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Wegr = apm—¢ )
Although the EGR observer does not depend on valve
parameters, it does involve an estimate of the cylinder
flow, which may also be corrupted by the effects of soot
deposits. Consequently, when the EGR valve is closed
and the engine is operating at steady state, the cylinder
charge estimate is updated by

b= -7 chl - (Pm — Bm) (3)

where v is an adaptation gain and p,, is a manifold
pressure estimate based on the current estimate of
cylinder flow.

The supervising controller interprets driver demand
plus accessory loads to generate a torque requirement
that is met by coordinated control of cylinder charge,
fuel and ignition by minimizing the cost function (3]

J {(r ~ 92 4+ 3 (Weyi ~ X2W;)?

+ ’72(5 - 5d)2 + '73(Fbg - deg)2} (4)
where T is engine torque; Wy is fuel flow; A is air-fuel ra-
tio; 6 is spark timing and F3, is the burned gas fraction
of the EGR flow, keeping in mind that in a DISC engine
operating in homogeneous lean or stratified mode, the
EGR flow contains a significant portion of combustible
air. 7%, A%, §¢ and F',, are setpoint values. The multi-
pliers 7; through 3 are relative weighting factors that
depend on operating condition. For example,

e v, > 1 when A% = stoichiometry and A/F con-
trol is the highest priority objective.

e vy > 7, for stratified or lean homogeneous op-
eration. In this case, the A/F requirement is
relaxed, but spark must be carefully managed
within a limited range for combustion stability.

Other constraints on the minimization include mani-
fold pressure (sufficient vacuum must be maintained to
operate vacuum controlled devices such as the power
brake booster), the limits of authority of the throttle
and EGR valve, and allowable spark timing and A/F.
Figure 2 shows experimental 4/F and torque traces on
a small DISC engine for constant torque combustion
mode transitions. In the case of a transition from ho-
mogeneous to stratified, the transient A/F requirement
is relaxed, giving the fuel actuator substantial author-
ity to maintain constant torque during the mode shift.
On the other hand, the transition from stratified to
homogeneous operation at stoichiometry requires tight
control on A/F for good emissions. Consequently, y;
is large, requiring torque management via limited au-
thority spark and slower throttle actuator resulting in
slightly deteriorated control.

A system model is key to attacking the DISC idle speed
control problem. In [19], a controller is designed to
regulate speed, A/F, EGR and spark whenever all
setpoint objectives are simultaneously achievable. In
[20], the overall control objective is to idle the en-
gine in the presence of disturbances while minimizing
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fuel consumption and emissions. Two control topolo-
gies are developed with speed or A/F regulation being
dominant objectives, and a supervisory control system
switches between the two to exploit the multiple oper-
ating modes of the engine. When the engine is operat-
ing in the homogeneous lean or stratified mode, A/F
may vary over a relatively wide range, and engine speed
is assigned the highest priority. In this case, the fastest
actuator, fuel, is used to maintain idle speed while the
throttle manages A/F to achieve a setpoint established
by the supervisor for best emissions-constrained fuel
economy. If the supervisor has commanded stoichio-
metric or rich operation, during LNT purge, for exam-
ple, or before the trap has reached an efficient operating
temperature, then the highest priority is A/F regula-
tion. The fuel actuator is then assigned this task, while
the throttle regulates engine speed. The idle speed con-
trol topologies are illustrated in Figure 4. Robustness
to torque disturbances and LNT mode transitions is
demonstrated on the simulation model.

Clearly, a very important element of the DISC systems
problem is the interaction of the engine with the lean
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Figure 3: Behavior of feedgas HC emissions as a function
of spark timing for a DISC engine.

4 Aftertreatment Modeling for DISC Engines

The typical three-way catalytic converter (TWC) used
to minimize exhaust emissions during homogeneous
charge, stoichiometric operation is ineffective in reduc-
ing oxides of nitrogen in the lean and stratified charge
regimes that provide the fuel economy benefits of the
DISC engine. A lean NO, trap incorporates a storage
element (typically barium) to trap NO, during lean
operation. The trap must be periodically purged by op-
erating rich of stoichiometry, where the retained NO,
is reduced to Ns by association with CO and HC in
the exhaust.

The operation of the LNT is detailed by the following
reactions: under lean conditions, NO, is oxidized to
NQO; and stored as barium nitrate.

NO + (1/2)0,
BaCO3 + 2NO-

-~ NOz
< Ba(N03)2
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Figure 4: Idle speed controller topologies: in (A), speed
regulation is the dominant control objective, and is asso-
ciated with the fast fuel actuator. In topology (B), A/F
regulation is the dominant objective, so the actuators are
switched.

Under rich conditions, the barium nitrate releases NO,
which, in the presence of CO and HC over the catalyst,

- is converted to nitrogen, restoring the original barium
carbonate trapping constituent.

Ba(NO3)2 & BaO +2NO0O,
2NQO3; +2C0O0 = N;+2C0,
BaO +C0O2 = BaCO3

Obviously, a crucial trade-off exists between low emis-
sions (frequent trap purging) and high fuel economy
(maximum lean operation), and thus the purge control
policy must be carefully optimized to meet these con-
flicting goals. Wang et al. [21] develop a phenomeno-
logical model of the LNT to undertake this trade-off
study. The model represents the storage mechanism as

(--7m)
and purge operation as
&= f(Wrc,Weo) (6)

where z is the mass of NO,, stored, T is the LNT tem-
perature, (T is the available storage capacity at a
given temperature and Wyo_, Whe, Weo are the flow
rates of the constituent exhaust emissions. To fully
represent the DISC aftertreatment system, the LNT
model must be augmented with a conventional TWC
model [22] that manages emissions during stoichiomet-
ric operation, and affects the oxygen and temperature
dynamics ahead of the trap. The available LNT capac-
ity depends strongly on the amount of NO, already

T

. _ Wno,
(T)

r=7¢

()
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stored and the LNT temperature. Since the instan-
taneous trap capacity is not measurable, an accurate
estimate must be developed on-line to predict the LNT
state and initiate or terminate the purge operation. In
[23], a method is developed to identify and adapt the
parameters of the LNT model to mitigate effects of un-
certainty and variations with operating condition and
age.

5 Model-based Systems Development

In this section, the DISC and aftertreatment models are
combined, and a dynamic programming-based systems
engineering method is described in which fuel economy
and emissions trade-offs can be evaluated as a function
of physical design parameters and controller structure.

The lean NO,, trap component of the DISC powertrain
system leads to a dynamic optimal control problem be-
cause fuel consumption and emissions, evaluated over a
specified driving cycle, are not simply functions of the
instantaneous speed-load point, but of the operating
history of the engine. Kang et al. [24, 25] introduce
a method that dramatically reduces the computational
burden of dynamic programming to make model-based
design decisions -for the lean burn DISC powertrain,
and present results showing the sensitivity of the fuel
economy performance objective at European Stage IV
emission standards with respect to physical aftertreat-
ment parameters, including the amount of oxygen stor-
age in the TWC and the capacity of the lean NO,, trap.
These results are illustrated in Figures 5 and 6. In
another trade-off study, control complexity was evalu-
ated with respect to emissions benefit. Specifically, the
lean homogeneous combustion mode was eliminated,
and the optimal fuel economy calculated constrained
by Stage III and Stage IV requirements. It was deter-
mined, as illustrated in Figure 7, that as NO, emis-
sion requirements become more stringent, the benefits
of operating the engine in the homogeneous lean mode
become less appreciable, up to a point where the in-
cremental benefits may not be enough to justify the
additional complexity.

The most important contributions of [24, 25] are
methodological. In particular, the computationally
intense dynamic programming algorithm is rendered
tractable by model simplification, state descretization,
an analysis-based restriction on the search trajectories
(called “calibrations”) and careful treatment of com-
putational details. The dynamic programming prob-
lem for a two-state system (TWC plus LNT) over a an
emissions drive-cycle was reduced to 40 minutes from
60 hours, while still achieving a near-optimal solution
as shown in Figure 8.

6 Automotive Powertrain Controller
Development using CACSD

We have presented the technical challenges facing au-
tomotive powertrain control developers, and described
a DISC case study that relies on model-based control
design and system optimization to robustly achieve
fuel economy and emission goals. The story, how-
ever, does not end there. The ultimate realization
of the control system is embedded, distributed soft-
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sion Standard of Euro-cycle with various maximum trap
capacity of LNT.

ware and hardware incorporating design detail signif-
icantly beyond the control architecture. The software
instantiation of the control law must seamlessly inte-
grate with legacy powertrain code, be reusable across
multiple powertrain families, and incorporate diagnos-
tics, failure management, and well-defined start-up and
shut-down procedures. It must, moreover, be main-
tainable, and generated within a process that supports
increasingly shorter product development time at re-
duced cost, and with high quality.

Butts et al. [26] describe a model-based engineer-
ing process and CACSD toolset that emphasizes three
critical elements of the software development process:
(1) verification and validation to ensure faithful imple-
mentation of functional requirements, (2) feedback to
previously executed development stages and (3) engi-
neering analysis throughout. The vision behind the
process illustrated in Figure 9 is that control law de-
signs are validated through simulation and rapid pro-
totyping (RP), and result in an executable software
specification (an algorithm model) against which hand-
generated code may be verified or from which code may
be automatically generated. The embedded implemen-
tation of the control system is verified by hardware-
in-the-loop (HIL) simulation before ultimate vehicle
implementation and calibration. Also key is the con-
cept that models developed for control design may be
re-used throughout the process for RP development,
autocode generation and HIL system verification [27].
As one might expect, current practice when compared
with this vision of a seamless flow of model-based infor-
mation from requirements generation and control de-
sign through embedded implementation and calibra-
tion comes up somewhat short, with the result that
there are a number of important systems engineering
research opportunities such as:

e Multiple view modeling

¢ Model composition
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e Dynamical analysis of hybrid systems

e Automatic code generation, analysis and func-
tional allocation

Multiple view modeling refers to the ability to exchange
domain-specific views of the system model throughout
the development process from requirements capture to
embedded software implementation. It is closely re-
lated to meta-modeling for the purpose of model in-
formation exchange among analysis tools appropriate
to distinct elements of the embedded product develop-
ment process. Magner et al. [28] describe mode] trans-
formation requirements to support architecture defini-
tion, software synthesis, strategy development and em-
bedded implementation.

Model composition refers to a development environ-
ment that facilitates the automatic composition of sys-
tem models from archived, reusable components [29].
This research is motivated by the fact that models are
usually developed for a specific purpose, and rarely
reused beyond the original application because of the
time-consuming modifications often required to resur-
rect and interface them for a new design. Automatic
composability (“plug and play”) requires interface def-
inition among models in three areas: signals, execution
criteria and calibration parameters. Signal compos-
ability consists of connectivity, type resolution (data
type, units, dimension) and name ambiguity. Execu-
tion composibility refers to compatibility of simulation
methods between subsystems. Calibration composabil-
ity refers to methods of handling large sets of parame-
ters that define multiple instantiations or calibrations
of the same model structure.

Hybrid systems analysis in the sense of embedded soft-
ware design refers to the fact that the embedded con-
troller is substantially made up of discrete valued states
describing the mode of operation, while the physical
plant contains continuous-valued states plus, in the
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DISC case, hybrid dynamics. Currently, system vali-
dation is achieved by extensive simulation. Exhaustive
simulation is impossible, however, even for moderately
complex systems. Analysis requirements include veri-
fying state and path achievability, mode transition in-
tegrity (cyclic behavior) and scenario evaluation (de-

" termination of whether there exists a condition under
which a specified, undesirable state might be achieved).
An assessment of the current status of algorithmic ap-
proaches to the verification of hybrid systems is given
in [30].

Automatic software generation from executable models
is a reality. Nonetheless, research continues to increase
the efficiency and flexibility of the generated code. Au-
tomatic unit test vector generation, scheduling analysis
and allocation of model-based functional requirements
in a distributed computing environment are remaining
challenges.

7 Opportunities in Automotive Powertrain
Control Applications

In this paper, we have briefly described the fuel econ-
omy and emission challenges facing the automotive in-
dustry, and described a model-based systems develop-
ment process essential to the application of “control
critical” advanced technology powertrains. An exam-
ple of a direct injection stratified charge (DISC) engine
and aftertreatment system was discussed in which an
optimal control policy and multivariable control design
rest on a foundation of phenomenological model devel-
opment. Many research opportunities remain with di-
rect application to powertrain control, and we conclude
by enumerating a few of the most interesting ones:

7.1 Data-driven Model Development for Com-
plex Systems

Phenomenological models combine a structure based
on first principles with identified parameters to provide
a representation that incorporates the essential dynam-
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ics and behaviors required for control design. For pow-
ertrain control, mapping the system behavior (torque,
emissions, fuel consumption, ...) over the engine op-
erating range for each of the control inputs (spark ad-
vance, A/F, ...) typically provides the parameteriza-
tion.

Complexity increases exponentially with the number
of degrees of freedom of the system, and the time re-
quired to develop data-driven models of engine systems
with many inputs and modes is simply not available.
For example, adding independently variable intake and
exhaust cam timing to a conventional engine increases
the number of mapping data points by a factor of about
thirty. An area for research: how do we build models
from sparse data sets, while retaining sufficient accu-
racy and the domain knowledge so important to engi-
neering decision making and automatic control design?



7.2 Hybrid Systems Analysis

Just as it was previously argued that hybrid systems
analysis methods must replace simulation for func-
tional verification of embedded systems and software,
effective control analysis and design methods are re-
quired for multi-mode plants. For example, the DISC
idle speed problem of [20] has neither a formal sta-
bility proof nor performance guarantee, except as illus-
trated by simulation. Hybrid systems analysis is a well-
established research area; the DISC idle speed problem
is recommended as a practical test bed for the theory
being developed.

7.3 System Optimization

Optimization and trade-off studies such as those de-
scribed in [24) have proven invaluable in defining the
aftertreatment configuration and control law objectives
for the DISC engine. Great effort, however, was ex-
pended in making the multi-objective, dynamic opti-
mization problem computationally tractable for a two-
state (TWC and LNT) system. Another research op-
portunity: development of optimal control law compu-
tation methods for realistic systems on the order of five
or more states.

7.4 Fault Isolation and Accomodation

Although redundant hardware (and software) is com-
mon for critical applications (electronic throttle con-
trol, for example), cost considerations require fault ac-
comodation, in general, to be realized through control
reconfiguration for many automotive systems. For ex-
ample, LNT failure must be detected and DISC en-
gine operation restricted to stoichiometry for emissions
management using only the conventional TWC. Sim-
ilarly, sensor and actuator failures must be accomo-
dated, while maintaining safe vehicle operation, with
as little sacrifice to fuel economy, emissions and driv-
ing performance as possible. Research opportunities:
fault detection, fault tolerant and reconfigurable con-
trol with stability and performance guarantees in the
presence of sensor and actuator failures.

7.5 Model-based Systems Engineering Tools

We have stated that complex data-driven powertrain
models are challenging to develop, but essential to
achieving control objectives. We hope that, through
the DISC engine example, a flavor of the powertrain
control challenge has been imparted. We have per-
haps hinted at automotive development cycles distin-
guished by ever-changing hardware, short timelines and
hard-to-capture requirements (“driveability”), and we
have suggested some research opportunities to address
these issues. The final research opportunity is to put
it all together: creating a model-based environment for
automotive powertrain systems development, facilitat-
ing requirements capture, model composition, system
optimization (trade-off and sensitivity analysis) and
embedded implementation for personal mobility that
achieves environmental goals and remains fun to drive.
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8 Appendix DISC Engine Model

8.1 Intake Manifold Dynamics and Volumetric
Efficiency

The intake manifold dynamics are derived from the
ideal gas law:

Pi = Ki(Wa + chr - chl) (7)

where K; depends on the intake manifold volume and

temperature, W, , Weg, are the mass flow rates through

the throttle body and the EGR valve, respectively;

Weyi is the mean value of the charge inducted into the

cylinders over an engine cycle. The flows through the

throttle body and EGR valve are represented by a stan-
AegrP e

dard orifice equation:

A P; ( P, ) ( P; )

= e— -1, W = - 8

m ¢ Pa egr ﬁ-‘: ¢ Pe ( )
where Ayp, Acgr are the effective flow areas for the
throttle body and EGR valve respectively; P;, P, and
P, are intake manifold, exhaust manifold and ambi-
ent pressures; T, and T, are the ambient and exhaust
temperatures. The function ¢ represents the effects of
the pressure ratio across the valve in the sub-sonic flow
region:

Wa

ifz < (%)Tﬁ

o) = Az -]} s ()™

TH

where 7 is the ratio of specific heats which takes differ-
ent value for W, and Weg,.

The following static regression equation is used to rep-
resent the engine pumping rate:

Weyi = (fo + fiN+ 3T+ fiPi+ fiNPi + féT,-Pi()N),
10

where f},i=0,---,5 are coefficients which can be de-
termined by regressing the test data using curve fitting
techniques. The intake manifold temperature depends
on the air mass flow and EGR as determined by the
function:

Ti= f2+ fIE+ f3Wa+ f3E* + fREW, + W2 (11)

with E being the mass percentage of EGR in the intake
manifild defined as

E= 2

The volumetric efficiency for the engine can be then
calculated as:
_ 120W,y,

Ne = —_—Pa,,inN’

where p,,; is the air density in either the ambient (in
which case 7, defines the breathing efficiency of the
entire intake system, including throttle, intake ports
and valves) or intake manifold (7. then reflects the effi-
ciency of the intake ports and valves), V; is the engine
displacement volume.



8.2 Engine Rotational Dynamics and Torque
Generation
Engine rotational dynamics follow the equation:

%LN=%—Z (12)

where 7,,7; are the engine brake and load torque in
Nm, respectively, and the factor 7/30 is due to the
unit conversion of engine speed (from rpm to red/sec).
The engine brake torque, 73, is the net torque available
on the crankshaft to drive the rest of powertrain, and
can be decomposed into:

T=T~T; (13)

where 7; is the indicated torque, a measure of the total
" torque delivered to the piston by burning the fuel, 7
is the total friction which the engine has to overcome
when delivering the torque to the crankshaft.

Engine pumping losses and rubbing friction.
The friction torque includes the pumping losses dur-
ing the intake and exhaust strokes, and the mechanical
rubbing friction to overcome the resistance due to the
moving parts of the engine.

Tp =[5+ 1P+ fEN + fEPN + fIN?,  (14)

Indicated torque The indicated torque is a measure
of thermal efficiency in converting the fuel chemical

energy into work at the piston during the combustion

process.

T, = (ac + be(6 — 6a1) )Wy, (15)

where Wy is the fueling rate (in g/s), §—6) is the spark
timing deviation from the maximum efficiency setting
6u, and aqg, b, are the coefficients for the torque model
represented by the following functions:

. at
a(Nyre) = 3+ N+ 24 g, (16)
be
be(N, 7o, Fe) = fot+fler+ fot Fot f3"'N+fA+ fBF.N.

(17)

8.3 Feedgas Emission Models
_ The following functions are used to regress dynamome-
" ter emission data:

Woerere (@heh + bren(6 — 6ar)) Wy stratified
HEZY (@hes + bhes (66 M))(Ws+W,) homogeneous
) ' (18)
Whoz, = (anom + bnoz(6 - 5M))Wf (19)

where Wy is the fueling rate. The a's and b's in the
emission model depend on (P, N, 7¢, Fe, tinj). The CO
emissions for homogeneous operation resemble those of
a typical PFI engine and are primarily a function of
air-fuel ratio and exhaust mass flow:

Weo = f(re)(Wa + Wy). (20)

For stratified operation, other than the similar depen- -

dency of the CO emissions on air-fuel ratio and ex-
haust flow rate, the engine speed and spark timing

also have some influence on the feedgas emissions, espe-
cially when the air-fuel ratio is relative rich (less than
28:1). The HC and CO emissions are higher than in
the homogeneous case because of the local rich mixture.
Therefore, we used the following function to represent
the CO emissions for the stratified operation:

Weo = f(rc)g(Na 6)(Wa + Wf) (21)

where 7, is incorporated in the function g to account
for the fact that the dependency of CO on N and § is
significant only when 7. is relatively rich in the strati-
fied operation.

8.4 Exhaust Temperature

The static exhaust temperature is represented by two
polynomial functions with different inputs for stratified
and homogeneous operation, i.e.,

T,(Fy,N,P;) stratified
T. = { (22)

Tw(6,N,T;)  homogeneous,

where Fy = Wy /(W + W, 4+ Wegy) is the fraction of
fuel in the total exhaust gas. The functions T, and T},
are second order polynomial functions.
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