wo 2009/146453 A2 1IN 00RO RO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /g5 1IN IT K00 OO0 OO RO L 1
International Bureau S,/ )
43) Int tional Publication Dat \P'/ (10) International Publication Number
nternational Publication Date N5
ey
3 December 2009 (03.12.2009) PCT WO 2009/146453 A2
(51) International Patent Classification: BRAHMA, Indranil [IN/US]; 800 North Smith Road,
F02D 41/14 (2006.01) FOIN 9/00 (2006.01) Apt. 19Z, Bloomington, IN 47408 (US).
F02D 45/00 (2006.01) (74) Agents: KUNZLER, Brian, C. et al.; 8 East Broadway,
(21) International Application Number: Suite 600, Salt Lake City, UT 84111 (US).
PCT/US2009/045848 (81) Designated States (unless otherwise indicated, for every
(22) International Filing Date: kind of national protection available): AE, AG, AL, AM,
1 June 2009 (01.06.2009) AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
o . CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,
(25) Filing Language: English EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(26) Publication Language: English HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
o KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
12/130,658 30 May 2008 (30.05.2008) UsS NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
(71) Applicant (for all designated States except US): CUM- SK, SL, SM, ST, SV, 8Y, TJ, TM, TN, TR, TT, TZ, UA,
MINS IP, INC. [US/US]; 1400-73rd Avenue NE, Min- UG, US, UZ, VC, VN, ZA, ZM, ZW.
neapolis, MN 55432 (US). (84) Designated States (unless otherwise indicated, for every
(72) Inventors; and kind of regional protection available): ARIPO (BW, GH,
(75) Inventors/Applicants (for US orly): GUO, Linsong GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,

ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

[CN/US]; 2234 Fairfax Drive, Columbus, IN 47203 (US).
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

[Continued on next page]

(54) Title: APPARATUS, SYSTEM, AND METHOD FOR CALIBRATING AN INTERNAL COMBUSTION ENGINE

200 (57) Abstract: According to one representative embodi-
ment, an apparatus for calibrating an internal combustion

\ engine 100 having a predetined horsepower rating and
categorized within an engine emissions family includes a

calibration module 260, conditions module 250, and an

output module 270. The calibration module 260 includes

a plurality of calibration tables that includes a top-rated

torque curve and bottom-rated torque curve for each of a

plurality of predetermined engine operating modes of the

engine emissions family. The top-rated torque curve cor-
—> Se;;grs responds to a top horsepower rating of the engine emis-
Cor;t?i'gller = sions family and the bottom-rated torque curve corre-
- sponds to a bottom horsepower rating of the engine emis-
Fuel pressure sions family. The conditions module 250 is configured to
»| regulating valve | - determine operating conditions of the internal combustion
Conditions 141 ine 100
Input module engine :
module
240
250 L
Fuel injectors
" 135
Calibration Output module — EGR valve
module 270 134
260 =
VGT device
- e

Fig. 2




WO 2009/146453 A2 0000 0T 00 A OO A

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, Published:
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR), __
OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,
MR, NE, SN, TD, TG).

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



10

15

20

25

30

WO 2009/146453 PCT/US2009/045848

APPARATUS, SYSTEM, AND METHOD FOR

CALIBRATING AN INTERNAL COMBUSTION ENGINE
FIELD

This disclosure relates to calibrating an internal combustion engine, and more particularly

to calibrating internal combustion engines of different ratings within a single emissions family.
BACKGROUND

Conventionally, internal combustion engines are distinguished by the engine family
within which they are categorized. Engine families differ from other engine families based on
different emissions standards, fuel systems, turbocharger systems, etc. For example, the engine
family can be an engine emissions family within which each engine is configured to achieve a
particular emissions standard.

The engines within each engine family are commonly distinguished by the particular
horsepower ratings of the engines. For example, one engine within an engine family may have
the same standards, fuel system, and turbocharger system as another engine in the family, but
may be configured to achieve a higher horsepower at predefined engine operating conditions
than the other engine. A desired horsepower rating or output of an engine within a given engine
family can be achieved by adjusting various properties of the engine, such as the air to fuel ratio,
fuel injection strategy (e.g., fuel injection pressure, timing, quantity, etc.), exhaust gas
recirculation strategy, etc.

Internal combustion engine developers and manufacturers commonly use a set of
calibration tables containing predetermined data for calibrating the engines of a particular engine
family based on the horsepower rating of the engines. For example, for an engine emissions
family, the set of calibration tables contains calibration data for all horsepower ratings of the
engines within the family. In other words, the calibration tables assist developers and
manufacturers in configuring the engines within the engine emissions family to achieve the
desired horsepower rating and the emissions requirements associated with the engine emissions
family.

Although conventional calibration techniques are known to assist developers in
manufacturing variably-rated engines within a given engine emissions family that achieve
particular emissions standards, such techniques do not account for the fuel economy of the
engines for all horsepower ratings within the emissions family. For example, some calibration
tables of conventional calibration techniques do not reflect optimal fuel economy and emissions

achievement across all horsepower ratings and operating conditions of engines within a given
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engine emissions family. Also, conventional calibration techniques employing one unique set of
calibration tables for each horsepower rating within a single engine emissions family may
increase the cost of engine development and manufacturing.

SUMMARY

The subject matter of the present application has been developed in response to the
present state of the art, and in particular, in response to the problems and needs in the art that
have not yet been fully solved by currently available engine calibration techniques. Accordingly,
the subject matter of the present application has been developed to provide apparatus, systems,
and methods for calibrating internal combustion engines that overcome at least some
shortcomings of the prior art calibration techniques.

For example, according to one representative embodiment, an apparatus for calibrating an
internal combustion engine having a predefined horsepower rating and categorized within a
given engine emissions family includes a calibration module, condition module, and an output
module. The calibration module includes a plurality of calibration tables that includes a top-
rated torque curve and bottom-rated torque curve for each of a plurality of predetermined engine
operating modes of the engine emissions family. The top-rated torque curve corresponds to a top
horsepower rating of the engine emissions family and the bottom-rated torque curve corresponds
to a bottom horsepower rating of the engine emissions family. The condition module is
configured to determine operating conditions of the internal combustion engine. The output
module is configured to command at least one component of the engine to achieve a desired
engine output exhaust gas emissions value based at least partially on the operating conditions of
the internal combustion engine and a comparison between the predefined top horsepower rating
and bottom horsepower rating of the engine emissions family.

In some implementations, the engine operating modes include a respective standard
emissions testing mode. Each standard emissions testing mode can include an upper operating
point corresponding to the top horsepower rating of the engine emissions family and a lower
operating point corresponding to the bottom horsepower rating of the engine emissions family.
According to one implementation of the apparatus, the engine operating modes also include
some key points corresponding to an engine operating time percentage above a predetermined
threshold.

In certain implementations, the at least one component includes fuel injectors, a variable
geometry turbocharger, a fuel pressure regulating valve, and/or an exhaust gas recirculation
valve.

In some implementations of the apparatus, an engine exhaust gas emissions surface
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between the top horsepower rating and bottom horsepower rating inclusive is uniform for each
predetermined engine operating mode.

Each of the plurality of predetermined engine operating modes can include an upper
mode corresponding to the top horsepower rating of the engine emissions family and a lower
mode corresponding to the bottom horsepower rating of the engine emissions family. The
plurality of calibration tables can include predetermined operating parameters for achieving a
minimum brake specific fuel consumption at the upper and lower modes of each of the plurality
of predetermined engine operating modes.

In some instances, an engine exhaust gas emissions surface between the top horsepower
rating and bottom horsepower rating of at least one of the plurality of predetermined engine
operating modes is non-uniform. For such instances, the calibration module is configured to
determine a minimum brake specific fuel consumption between the upper and lower modes of
each of the plurality of predetermined engine operating modes based at least partially on a fuel
economy weighting factor.

The predefined horsepower rating is any of a plurality of intermediate horsepower ratings
between the top horsepower rating and the bottom horsepower rating and the at least one
component command is determined at least in part by using interpolation methods.

According to another embodiment, a method for calibrating an internal combustion
engine includes determining an engine emissions family of the internal combustion engine. The
method also includes determining key operating modes of the internal combustion engine from
calibration tables corresponding to the determined engine emissions family. The method
includes determining whether a uniform emissions surface is achievable between the upper and
lower horsepower rating points of each key operating mode and determining an engine
horsepower rating of the internal combustion engine. Additionally, the method includes
determining an optimal fuel economy for the determined horsepower ratings at each of the
determined key operating modes. The optimal fuel economy is based at least partially on the
determined horsepower rating of the internal combustion engine. The method further includes
configuring the internal combustion engine according to the determined optimal fuel economy
and a desired emissions surface at each of the determined key operating modes.

In certain implementations, if a uniform emissions surface is achievable between the
upper and lower horsepower rating points of each key operating mode, the method further
includes determining an optimal fuel economy at each key operating mode for the upper and
lower horsepower ratings. In such implementations, the optimal fuel economy for the

determined horsepower rating is based on the optimal fuel economy of the key operating modes
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for each horsepower rating. The optimal fuel economy for the determined horsepower rating at
each of the determined key operating modes can be dependent on a fuel injection strategy and the
relative configurations of a variable geometry turbocharger device, a fuel pressure regulating
valve, and an exhaust gas recirculation valve.

In certain other implementations, if a uniform emissions surface is not achievable
between the upper and lower horsepower rating points of each key operating mode, the method
includes determining whether a maximum difference between an exhaust gas emissions value at
any one horsepower rating of the engine emissions family and an exhaust gas emissions value at
any other horsepower rating of the engine emissions family is greater than an emissions variation
threshold. If the maximum difference is less than or equal to the emissions variation threshold,
the optimal fuel economy for the determined horsepower rating at each of the determined key
operating modes is determined using a first model. If, however, the maximum difference is
greater than the emissions variation threshold, the optimal fuel economy for the determined
horsepower rating at each of the determined key operating modes is determined using a second
model different than the first model.

According to specific implementations, the first model includes Equation 1 below. The
weighting factors determined in Equation 1 can be constrained according to Equations 2 and 3
below. The second model can include determining a minimum composite brake specific fuel
consumption as a function of at least one of fuel injection timing and dosage, exhaust gas
recirculation fraction, fuel injection rail pressure, and position of variable geometry turbo device
for each operating point of interest within each key operating mode.

The key operating modes of the method can include a plurality of predetermined
emissions testing modes. Also, or alternatively, the key operating modes can each include an
engine operating mode having an operating time percentage above a predetermined operating
time percentage threshold over duty cycles.

According to yet another embodiment, an engine calibration module for calibrating an
internal combustion engine includes at least one set of calibration tables. The at least one set of
calibration tables can include upper horsepower rating and lower horsepower rating information
for each of a plurality of engine operating modes of a given engine emissions family. Further,
the at least one set of calibration tables can include exhaust gas emissions surface information
corresponding to the upper horsepower rating and lower horsepower rating information for each
of the plurality of engine operating modes of the given engine emissions family. The at least one
set of calibration tables also includes fuel economy optimization information corresponding to

the upper horsepower rating and lower horsepower rating information for each of the plurality of
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engine operating modes of the given engine emissions family. Additionally, the at least one set
of calibration tables includes engine component configuration information corresponding to the
upper horsepower rating and lower horsepower rating information for each of the plurality of
engine operating modes of the given engine emissions family. The engine component
configuration information represents engine component configurations for achieving desired
exhaust gas emissions surfaces represented by the exhaust gas emissions surface information and
optimized fuel economy represented by the fuel economy optimization information. An internal
combustion engine of the given engine emission family having any horsepower ratings between
and including the upper and lower horsepower ratings is calibratable to achieve a desired exhaust
gas emissions surface and an optimized fuel economy by accessing the at least one set of
calibration tables.

In some implementations, the engine component configurations each include at least one
of a desired timing and dosing of a main fuel injection, a desired timing and dosing of at least
one post-injection, a desired exhaust gas recirculation fraction, a desired fuel injection rail
pressure, a desired variable geometry turbocharger device position, and a desired timing and
dosing of a pilot fuel injection.

According to certain implementations, the fuel economy optimization information
includes a first set of fuel economy optimization information associated with uniform exhaust
gas emissions surfaces for each of the plurality of engine operating modes and a second set of
fuel economy optimization information associated with non-uniform exhaust gas emissions
surfaces for at least one of the plurality of engine operating modes.

Reference throughout this specification to features, advantages, or similar language does
not imply that all of the features and advantages that may be realized with the subject matter of
the present disclosure should be or are in any single embodiment. Rather, language referring to
the features and advantages is understood to mean that a specific feature, advantage, or
characteristic described in connection with an embodiment is included in at least one
embodiment of the present disclosure. Thus, discussion of the features and advantages, and
similar language, throughout this specification may, but do not necessarily, refer to the same
embodiment.

Furthermore, the described features, advantages, and characteristics of the subject matter
of the present disclosure may be combined in any suitable manner in one or more embodiments.
One skilled in the relevant art will recognize that the subject matter may be practiced without one
or more of the specific features or advantages of a particular embodiment. In other instances,

additional features and advantages may be recognized in certain embodiments that may not be
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present in all embodiments. These features and advantages will become more fully apparent
from the following description and appended claims, or may be learned by the practice of the
subject matter as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of the subject matter may be more readily understood, a more
particular description of the subject matter briefly described above will be rendered by reference
to specific embodiments that are illustrated in the appended drawings. Understanding that these
drawings depict only typical embodiments of the subject matter and are not therefore to be
considered to be limiting of its scope, the subject matter will be described and explained with
additional specificity and detail through the use of the drawings, in which:

FIG. 1 is a schematic diagram of an engine system according to one embodiment;

FIG. 2 is a schematic diagram of a controller of the engine system according to one
embodiment;

FIG. 3 is a graph comparing engine speed and output torque for various engine operating
modes defined by a steady state emissions test according to one embodiment;

FIG. 4 is a graph showing operating usage percentages for various engine speed and
output torque combinations during transient operating conditions of the engine according to one
embodiment; and

FIG. 5 is a method for calibrating an engine according to one embodiment.

DETAILED DESCRIPTION

Many of the functional units described in this specification have been labeled as modules,
in order to more particularly emphasize their implementation independence. For example, a
module may be implemented as a hardware circuit comprising custom VLSI circuits or gate
arrays, off-the-shelf semiconductors such as logic chips, transistors, or other discrete
components. A module may also be implemented in programmable hardware devices such as
field programmable gate arrays, programmable array logic, programmable logic devices or the
like.

Modules may also be implemented in software for execution by various types of
processors. An identified module of executable code may, for instance, comprise one or more
physical or logical blocks of computer instructions, which may, for instance, be organized as an
object, procedure, or function. Nevertheless, the executables of an identified module need not be
physically located together, but may comprise disparate instructions stored in different locations
which, when joined logically together, comprise the module and achieve the stated purpose for

the module.
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Indeed, a module of executable code may be a single instruction, or many instructions,
and may even be distributed over several different code segments, among different programs,
and across several memory devices. Similarly, operational data may be identified and illustrated
herein within modules, and may be embodied in any suitable form and organized within any
suitable type of data structure. The operational data may be collected as a single data set, or may
be distributed over different locations including over different storage devices, and may exist, at
least partially, merely as electronic signals on a system or network.

20 Ce

Reference throughout this specification to “one embodiment,” “an embodiment,” or
similar language means that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment of the present invention.
Thus, appearances of the phrases “in one embodiment,” “in an embodiment,” and similar
language throughout this specification may, but do not necessarily, all refer to the same
embodiment.

Furthermore, the described features, structures, or characteristics of the subject matter
described herein may be combined in any suitable manner in one or more embodiments. In the
following description, numerous specific details are provided, such as examples of controls,
structures, algorithms, programming, software modules, user selections, network transactions,
database queries, database structures, hardware modules, hardware circuits, hardware chips, etc.,
to provide a thorough understanding of embodiments of the subject matter. One skilled in the
relevant art will recognize, however, that the subject matter may be practiced without one or
more of the specific details, or with other methods, components, materials, and so forth. In other
instances, well-known structures, materials, or operations are not shown or described in detail to
avoid obscuring aspects of the disclosed subject matter.

FIG. 1 depicts one exemplary embodiment of an internal combustion engine system, such
as a diesel engine system 100, in accordance with the present invention. As illustrated, the
engine system 100 includes a diesel engine 110, a controller 130, a fuel delivery system 135, a
turbocharger system 155, an exhaust gas recirculation (EGR) system 157, and an exhaust gas
aftertreatment system 159.

The engine 110 includes an air inlet 112, intake manifold 114, and exhaust manifold 116.
The air inlet 112 is vented to the atmosphere, enabling air to enter the engine 110. The air inlet
112 is connected to an inlet of the intake manifold 114. The intake manifold 114 includes an
outlet operatively coupled to combustion chambers 111 of the engine 110. The air from the

atmosphere is combined with fuel to power, or otherwise, operate the engine 110. Combustion

of the fuel produces exhaust gas that is operatively vented to the exhaust manifold 116.
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The fuel is delivered into the combustion chambers 111 by the fuel delivery system 135.
The fuel delivery system 135 includes a fuel tank 180 for storing the fuel and a fuel pump (not
shown) for delivery the fuel to a common rail 143. The common rail 143 contains the fuel prior
to being injected into the combustion chambers. From the common rail 143, the fuel is injected
into combustion chambers 111 through one of several fuel injectors 139. The timing and dosage
of fuel into the combustion chambers 111 is controlled by the controller 130 via electronic
communication lines (shown as dashed lines in FIG. 1). In certain implementations, the pressure
of the fuel in the common rail 143 is maintained at a desired fuel pressure. The fuel pressure in
the rail can be modulated via actuation of a pressure relief valve 141 coupled to the inlet of the
rail.

The quantity of air entering the intake manifold 114 and thus the combustion chambers
111 is regulated by an intake throttle 115 operatively coupled to an accelerator pedal (not
shown). The position of the intake throttle 115 and the quantity of air entering the intake
manifold 114 corresponds at least partially to the position of the accelerator pedal. The intake
throttle 115 also is in electrical communication with the controller 130 and controllable by the
controller. The controller 130 is operable to regulate the quantity of air entering the intake
manifold 114 independent of the position of the accelerator pedal.

From the exhaust manifold 116, the exhaust gas flows into at least one of three systems,
i.e., the turbocharger system 155, the EGR system 157, and the exhaust gas aftertreatment
system 159. For example, based at least partially on the operating conditions of the engine, a
portion of the exhaust gas can be directed into the turbocharger system 155, a portion of the
exhaust gas can be directed into the EGR system 157, and a portion of the exhaust gas can be
directed into the exhaust aftertreatment system 159. The relative portions of exhaust gas
entering the respective systems 155, 157, 159 are controlled by the controller 130. Generally,
the controller 130 determines the relative portions of exhaust gas that should enter the respective
systems and commands valves, e.g., valves 132, 134, to allow a portion of the exhaust
corresponding to the determined portions to enter the respective systems.

The turbocharger system 155 includes a turbocharger turbine 118, turbocharger
compressor 120, and the turbocharger bypass valve 132. The turbocharger bypass valve 132 is
selectively operable to regulate the flow of exhaust gas into the turbocharger turbine 118. The
exhaust gas entering the turbine 118 causes the turbine to drive the compressor 120. When
driven by the turbine 118, the compressor 120 compresses engine intake air before directing it to

the intake manifold 114.
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In certain implementations, the turbocharger turbine 118 is a variable geometry turbine
(VGT) having a VGT device 119 such as is commonly known in the art. The VGT device 119
can be a series of movable vanes for controlling the flow of exhaust hitting the blades of the
turbine. Por example, at low engine speeds, the exhaust velocity is insufficient to effectively
spin the turbine. Accordingly, at low engine speeds, the vanes can be moved into a relatively
closed position such that the spaces between the vanes are relatively small. As the exhaust
passes through the small spaces, it accelerates and is redirected to contact the turbine blades at a
specific angle for optimum or fully enhanced rotation of the blades. In contrast, at high engine
speeds, the exhaust velocity is sufficient to effectively spin the turbine. Accordingly, at high
engine speeds, the vanes can be moved into a relatively open position such that the spaces
between the vanes are relatively large. As the exhaust passes through the large spaces, its
velocity remains relatively constant and experiences minimal redirection such that the blades of
the turbine experience a less enhanced rotation. The positions of the vanes are adjusted via an
actuator in electrical communication with the controller 130 such that the controller 130 can
control the positions of the vanes.

The EGR system 157 includes an EGR cooler 122, an EGR valve 134, and an EGR
cooler bypass valve 154. The EGR valve 134 is selectively controlled by the controller 130 to
regulate the flow of exhaust entering the EGR system 157 from the exhaust manifold, and thus
indirectly regulating the flow of exhaust entering the aftertreatment system 159. When the EGR
valve 134 is at least partially open, at least a portion of the engine exhaust enters the EGR system
157 and is re-circulated into the combustion chambers 111 of the engine 110 to be combusted
with air from the air intake 112. The portion of EGR gas entering the combustion chamber
relative to the fresh air intake is defined as the EGR fraction. Prior to entering the combustion
chambers 111, the EGR exhaust gas can be passed through the EGR cooler 122 to cool the
exhaust gas in order to facilitate increased engine air inlet density. The EGR cooler bypass valve
154 is operatively controlled by the controller 130 to regulate the amount of EGR exhaust
passing through the EGR cooler 122 and the amount of EGR exhaust gas bypassing the EGR
cooler 122 via an EGR bypass line 152.

In addition to the VGT device 119 and the EGR valve 134, the flow rate of exhaust
entering the exhaust aftertreatment system 159 can be regulated by an exhaust throttle 137
positioned within the exhaust stream between the aftertreatment system 159 and the turbocharger
system 155. Like the VGT device 119, the exhaust throttle 137 is actuatable between a closed
position and an open position. The closed position corresponds with a minimum space through

which exhaust gas can pass and the open position corresponds with a maximum space through



10

15

20

25

30

WO 2009/146453 PCT/US2009/045848

10

which exhaust gas can pass. As the space through which the exhaust flows is reduced, the flow
rate of the exhaust is reduced. Therefore, as the exhaust throttle 137 moves from the open
position to the closed position, the flow rate of exhaust entering the aftertreatment system 159
decreases. Similarly, as the exhaust throttle 137 moves from the closed position to the open
position, the flow rate of exhaust entering the aftertreatment system 159 increases.

The valve positions of the VGT device 119 and exhaust throttle 137 affect the load on the
engine and thus the temperature of the exhaust gas. For example, when the VGT device 119 is in
a closed position, a backpressure is created in the exhaust manifold. In order to overcome the
backpressure in the exhaust, the engine must increase its pumping work. The increased pumping
work results in an increase in the engine output exhaust gas temperature. Similar to the VGT
device 119, the more closed the exhaust throttle 137 valve position, the more backpressure
created in the exhaust manifold, and the more pumping work performed by the engine.
Accordingly, in certain instances, the temperature of the engine output exhaust can be increased
by closing at least one of the VGT device 119 and exhaust throttle 137. For example, in some
implementations, the VGT device 119 and exhaust throttle 137 can be controlled independent of
each other to increase the engine output exhaust gas temperature. Alternatively, the VGT device
119 and exhaust throttle 137 can be dependently or cooperatively controlled to provide more
precise control of the engine output exhaust temperature.

The exhaust aftertreatment system 159 reduces the number of pollutants in the exhaust
gas prior to the gas entering the particulate filter. The exhaust aftertreatment system 159 can
include any of various emissions reducing components known in the art, such as, for example, a
diesel oxidation catalyst (DOC), a diesel particulate filter (DPF), a selective catalytic reduction
(SCR) catalyst, and an ammonia oxidation catalyst (AMOX).

Various sensors, such as temperature sensors 124, pressure sensors 126, fuel sensor 128,
exhaust gas flow sensors 165, and the like, may be strategically disposed throughout the engine
system 100 and may be in communication with the controller 130 to monitor operating
conditions. In one embodiment, the fuel sensor 128 senses the amount of fuel consumed by the
engine, and the exhaust gas flow sensor 165 senses the rate at which exhaust gas is flowing at the
particulate filter 150.

Engine operating conditions can be ascertained from any of the sensors or from the
controller 130’s commands to the engine regarding the fraction of exhaust gas recirculation,
injection timing, and the like. In one embodiment, information is gathered regarding, for

example, fuel rate, engine speed, engine load, fuel injection timing (e.g., SOI, or start of
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injection), fraction of exhaust gas recirculation, driving conditions, exhaust flow rate, the amount
of O, and NO; in the exhaust, exhaust gas pressure, etc.

The engine 110 will produce NOy, particulate matter (e.g., soot and ash), and
hydrocarbon (HC) emissions at a rate that varies according to the engine emissions family with
which the engine 110 is associated. In other words, depending on the engine emissions family
the engine 110 is configured to produce emissions at or below the particular emissions standards
corresponding to the engine emissions family. The engine 110 is configured by controlling one
or more operating parameters of the engine, such as the fuel injection strategy, EGR fraction,
VGT device position, fuel injection common rail pressure, and main injection timing (SOI).
Other factors may also bear on the particulate production rate, some depending heavily on the
engine emissions family of the engine (e.g., an exhaust throttle, intake throttle, and EGR cooler
bypass valve position) and others being platform-independent (e.g., environmental and external
considerations).

FIG. 2 depicts a control system 200 according to one representative embodiment. The
control system 200 comprises the controller 130, the VGT device 119, the EGR valve 134, the
fuel pressure regulating valve 141, sensors 280 (e.g., sensors 124, 126, 128), and the fuel
injectors 135. The controller 130 includes an input module 240, a conditions module 250, a
calibration module 260, and an output module 270.

As is known in the art, the controller 130 and components may comprise processor,
memory, and interface modules that may be fabricated of semiconductor gates on one or more
semiconductor substrates. Each semiconductor substrate may be packaged in one or more
semiconductor devices mounted on circuit cards. Connections between the modules may be
through semiconductor metal layers, substrate-to-substrate wiring, or circuit card traces or wires
connecting the semiconductor devices.

The sensors 280 are configured to determine a plurality of conditions within the engine
system 100, including temperature, pressure, exhaust gas flow rate, etc. The input module 240 is
configured to input the conditions sensed by the sensors 280 and provides corresponding inputs
to the conditions module 250. The conditions module 250 is configured to gather information
regarding current operating conditions of the engine system 100, based on the conditions sensed
by the sensors 280 and/or other inputs including commands issued to system components by the
controller 130.

The output module 270 is configured to direct the fuel injectors 135 to inject fuel into the
compression chambers of the engine 110 according to a predetermined fuel injection strategy.

The predetermined fuel injection strategy includes dosage and timing information for a main fuel
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injection, one or more post-injections, and a pilot fuel injection, such as described in U.S. Patent
Application Nos. 12/111,831 (filed April 29, 2008) and 12/111,845 (filed April 29, 2008), which
are incorporated herein by reference. The output module 270 also is configured to command the
VGT device 119 into a predetermined VG'T configuration. Further, the output module 270 is
configured to command the fuel pressure regulating valve 141 into a predetermined position.
Additionally, the output module 270 is configured to command the EGR valve 134 into a
predetermined position.

The operating parameters of the engine, e.g., the predetermined fuel injection strategy,
predetermined VGT configuration, predetermined position of the fuel pressure regulating valve
141, and predetermined position of the EGR valve 134, are obtained from a calibration module
260. The calibration module 260 includes predetermined calibration tables for each operating
parameter controlled by the output module 270. For example, the calibration module 260
includes predetermined fuel injection calibration tables, a predetermined VGT calibration table, a
predetermined fuel pressure calibration table, and a predetermined EGR calibration table.

The operating parameter tables are dependent upon predetermined engine operating
condition points of interest, such as shown in table 300 of FIG. 3. Table 300 includes various
predetermined torque-speed data sets or curves (e.g., torque curves 310, 320) each obtained
during steady state conditions of the engine. Each torque-speed data set shown in table 300
includes is based on at least one standard emissions testing mode. The table 300 includes eight
modes (e.g., modes 330, 335, 340, 345, 350, 355, 360, 365) typically tested in standard non-road
steady-state emissions tests. Each mode 330, 335, 340, 345, 350, 355, 360, 365 is represented by
a predefined speed-torque point associated with the maximum-rated (e.g., top-rated) and
minimum-rated (e.g., bottom-rated) horsepower engines within the same engine emissions
family being calibrated. Modes 330, 335, 340, 345, 350, 355, 360, 365 are associated with top-
rated and bottom-rated engine torque curves 310, 320 that pass through the respective maximum-
rated and minimum-rated speed-torque points of each mode. For example, mode 330, it being
representative of modes 335, 340, 345, 350, 355, 360, 365, includes a maximum-rated speed-
torque point 330A through which top-rated engine torque curve 310 passes and a minimum-rated
speed-torque point 330B through which bottom-rated engine torque curve 320 passes. Although
eight specific non-road steady-state emissions modes are shown, in other implementations, other
steady-state emissions modes can be used depending on the particular emissions test being
conducted. For example, thirteen modes are used for on-highway SET emissions tests.

The top-rated torque curve 310 represents a torque-speed curve for engines configured to

achieve the maximum horsepower rating in a given engine emissions family. Similarly, the
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bottom-rated torque curve 320 represents torque-speed curve for engines configured to achieve
the minimum horsepower rating in a given engine emissions family. As an example only, the
top-rated torque curve 310 can correspond to the torque-speed values for an engine rated at 500
HP and the bottom-rated torque curve 320 can correspond to the torque-speed values for an
engine rated at 350 HP. Emissions test modes for intermediate-rated horsepower ratings (e.g.,
horsepower ratings between the maximum and minimum horsepower rating) fall between the
maximum-rated and minimum-rated horsepower ratings of the respective modes 330, 335, 340,
345, 350, 355, 360, 365.

According to one embodiment, two sets of calibration tables are developed with each set
corresponding to a respective one of the top-rated and bottom-rated horsepower ratings. The
calibration module 260 can be calibrated or tuned according to the two sets of calibration tables
to achieve uniform engine system 100 output exhaust gas emissions below regulated upper
emissions limits or design targets for the top-rated and bottom-rated torque curves 310, 320
associated with modes 330, 335, 340, 345, 350, 355, 360, 365 corresponding to the engine
emissions family being calibrated. If uniform engine system 100 output exhaust emissions can
be achieved below the regulated upper emissions limits or design targets for the top-rated and
bottom-rated horsepower ratings for each mode, then uniform engine system output exhaust
emissions below the regulated upper emissions limits or design targets can be achieved for
horsepower ratings between the top-rated and bottom-rated horsepower ratings for each mode of
the engine emissions family. Accordingly, a uniform exhaust gas emissions surface for an
engine emissions family can be achieved, which means that the NOj signature is the same within
the modes 330, 335, 340, 345, 350, 355, 360, 365 from the top horsepower rating to the bottom
horsepower rating. As defined herein, a uniform exhaust gas emissions surface means engine
system 100 output exhaust gas emissions (e.g., brake specific NOx (BSNOy), PM, HC, etc.)
values are equal between (and including) the top-rated and bottom-rated horsepower ratings for
each mode of an engine emissions family.

If a uniform exhaust gas emissions surface can be achieved at each emissions mode, then
the calibration module 260 determines the maximum fuel economy (e.g., minimum brake
specific fuel consumption (BSFC)) achievable for each of the top-rated and bottom-rated
horsepower ratings of each mode. The maximum fuel economy achievable for any intermediate-
rated horsepower rating between the top-rated and bottom-rated horsepower ratings can be
determined using common interpolation methods known in the art.

The fuel economy at each of the horsepower ratings of interest can be maximized because

the BSFC and the amount of emissions generated are both a function of the fuel injection
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strategy, VGT position, fuel pressure regulating valve position, and EGR valve position. For
example, the fuel injection strategy (e.g., timing and dosage of a pilot injection, a main injection,
and one or more post-injections), VGT position, fuel pressure regulating valve position, and
EGR valve position can be experimentally varied to determine the configurations resulting in the
lowest BSFC while maintaining the exhaust emissions uniformity for the top-rated and bottom-
rated horsepower ratings in the engine emissions family. Once the fuel injection strategy, VGT
device, fuel pressure regulating valve, and EGR valve configurations for minimizing BSFC and
maintaining emissions uniformity on the top-rated and bottom-rated horsepower ratings are
determined, the configurations for minimizing BSFC and maintaining emissions uniformity of
any intermediate-rated horsepower ratings can be determined using common interpolation
methods known in the art.

In another embodiment, only one set of calibration tables is developed for both the top-
rated and bottom-rated horsepower ratings. For each of the top-rated and bottom-rated torque
curves 310, 320 associated with each mode 330, 335, 340, 345, 350, 355, 360, 365, the
calibration module 260 is calibrated or tuned according to the set of calibration tables in such a
way that uniform engine system 100 output exhaust gas emissions below the regulated upper
emissions limit or design target for the engine emissions family is achievable. Similar to the two
sets of calibration tables approach, if uniform exhaust gas emissions below the regulated limits
or design targets can be achieved for the top-rated and bottom-rated horsepower ratings for each
mode, then the exhaust gas emissions for any of the engine ratings between the top and bottom
horsepower ratings can be below the regulated upper emissions limit or design target for the
engine emissions family. If a uniform exhaust gas emissions surface can be achieved at each
emissions mode by using only one set of calibration tables, then the calibration module 260
determines the maximum fuel economy achievable for a given horsepower rating for which
optimization of BSFC is desired. The maximum fuel economy for another horsepower rating in
an engine emissions family other than the given horsepower rating may be achievable by
developing a different set of calibration tables. Generally, if only one set of calibration tables is
used, the calibration tables are developed based on the best tradeoff between emissions limits
and fuel economy for a specific rating, e.g., the top horsepower rating in a given emissions
family.

The determined fuel injection strategy, VGT device, fuel pressure regulating valve, and
EGR valve configurations for minimizing BSFC and maintaining emissions uniformity on the
top-rated and bottom-rated horsepower ratings of an engine emissions family can be integrated

into the table 300 of FIG. 3 or included in separate calibration tables. For example, the
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calibration module 260 can include a plurality of calibration tables each including the
experimentally obtained configurations of a respective operating component. During operation
of an engine, and based on the operating speed of the engine 110 determined from the conditions
module 250 and the horsepower rating of the engine being operated, the calibration module 260
can determine the operating components configurations by accessing the respective calibration
tables. After obtaining the operating parameters of the engine, e.g., predetermined fuel injection
strategy, predetermined VG'T configuration, the fuel pressure regulating valve predetermined
position, and EGR valve predetermined position, and communicates the determined parameters
to the output module 270. If the designated horsepower rating of the engine is between the
maximum and minimum horsepower ratings for a given engine emissions family, then the
calibration module 260 interpolates according to common interpolation techniques to obtain the
operating parameter values for the intermediate-rated horsepower ratings. The output module
270 then commands the respective components of the engine system according to the obtained
predetermined operating parameters.

Additionally, the determined fuel injection strategy, VGT device, fuel pressure regulating
valve, and EGR valve configurations for minimizing BSFC and maintaining emissions
uniformity on the top-rated and bottom-rated horsepower ratings of an engine emissions family
can be used to calibrate any engine at any horsepower rating within the engine emissions family
using common interpolation techniques known in the art.

In embodiments where a uniform emissions surface between (and including) top-rated
and bottom-rated horsepower ratings for each respective emissions testing mode cannot be
achieved by using only one set of calibration tables, then the minimization of the BSFC for the
top-rated and bottom-rated horsepower ratings for each mode that is unable to achieve uniform
emissions is achieved in a different manner. For example, in certain embodiments, the BSFC is
minimized for a given operating mode by a weighting technique according to Equation 1 below
or BSFC is minimized for a given point of interest within a given mode by determining the
minimum BSFC at each operating point of interest as a function of engine operating parameters
affecting fuel economy, such as, for example, dosage and timing of a main fuel injection and
post-injections, the EGR fraction entering the engine, the position of the VGT device 119, and

the fuel pressure within the fuel rail 143.

h
min Y BSFC =) W, X BSFC, (D)
=1
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> NO,=> WF _r,xNO,,<NO,,_.. )
i=1
8
> PM =>WF _r,xPM,<PM,_,, 3)
i=1

In Equation 1, the weighting factor W; for each key point can be determined by ranking
the importance of fuel economy for interested test modes, e.g., at rated and peak torque operating
conditions of the top-rated horsepower rating or bottom-rated horsepower rating, any of various
intermediate-rated horsepower ratings, or key points of duty cycles from real applications. The
weighting factor W; may be assigned a larger value for rated and peak torque operating
conditions (and key points of duty cycles) compared with other operating conditions because
BSFC can be particularly important during rated and peak torque operating conditions, as well as

key points of duty cycles. In Equations 2 and 3, WF _r, is the weighting factor at a respective
one of the eight emissions modes of FIG. 3. The weighting factor WF _r; determines the
emissions contribution of each mode to the composite emissions. Accordingly, NO_; and PM,

are the emissions levels of NO, and PM at a respective one of the eight emissions modes, and

NOy targer and PM g0, are equal to predetermined upper limits for composite NO, and PM

emissions, respectively. Therefore, Z NO_ is the composite NO, over a certification cycle and

z PM is the composite PM over the certification cycle.

Alternatively, in other embodiments, in addition to the emissions testing modes shown in
FIG. 3, other key points can be included in Equation 1 for BSFC optimization or improvement,
such as, e.g., duty cycle key points. Based at least partially on the applications for each engine
horsepower rating, each additional key point is determined for the top-rated horsepower rating,
bottom-rated horsepower rating, or intermediate-rated horsepower ratings within a given
emissions family. The weighting factor W; of the BSFC is individually determined for each key
point (e.g., mode) of an engine with a selected engine horsepower rating based on the
applications of the selected horsepower rating. The lowest composite BSFC defined by Equation
1 can be achieved for an engine emissions family by determining a desired fuel injection
strategy, predetermined VG'T configuration, the fuel pressure regulating valve predetermined
position, and EGR valve predetermined position. The desired component configurations are
normally defined through experimentation during performance development of the engine. The

determination of the desired component configurations for achieving a minimum composite
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BSFC is constrained according to the mechanical limitations of the engine system 100 and the
emissions design targets defined in Equations 2 and 3 above.

In some embodiments, one set of calibration tables is created to achieve uniform
exhaust emissions and minimize BSFC for transient operating modes, such as defined by the
Federal Test Procedure (FI'P) for on-highway or the Non-Road Transient Cycle (NRTC) for off-
highway, for all engine ratings within a given engine emissions family. For transient operating
condition calibration tables, key points representing all engines within a given engine emissions
family are defined based on the relative percentage of time spent on the points during operating
of the engine. A representative table 400 displaying the percentage of time spent on all operating
points of an engine is shown in FIG. 4. The operating points of the table 400 are defined by the
speed range and torque range within which the points fall. A key point can be selected based on
whether the percentage of operating time spent on the point is above a predetermined threshold.
For example, in some instances, the key points can be any points having an operating time
percentage above 0.1%.

Once the key points are determined, a fuel injection strategy, VGT device position, fuel
pressure regulating valve position, and EGR valve position configurations for minimizing BSFC
and maintaining emissions uniformity between and including the top-rated and bottom-rated
horsepower ratings of an engine emissions family during transient operation can be obtained in
the same manner as for steady state operation as described above. In other words, the key points
are treated as emissions testing modes for the purpose of determining an engine components
configuration during transient engine operation. The emissions correlations between these key
points and transient cycles can be determined through steady state emissions testing and transient
cycle testing. For example, the transient cycle emissions can be equal to the weighted composite
emissions of the key points with the weighting factors being a function of the operating time
percentage at each point, or conversion of steady state operation to transient operation using
quasi steady state methods known in the art.

According to one method 500 for calibrating an engine shown in FIG. 5, the engine
emissions family within which the engine to be calibrated is categorized is determined at 510.
The method 500 then determines 515 the key operating points for the engine emissions family
determined at event 510. The method 500 proceeds to determine 520 (e.g., through
experimentation) whether a uniform exhaust gas emissions surface is achievable for all engine
ratings at each mode and/or key point or range of the engine emissions family operating range
through experimentation. If a uniform exhaust gas emissions surface is achievable, then the

method determines 540 the optimized BSFC for top and bottom horsepower ratings for each
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mode and/or key point as a function of predefined engine operating parameters, e.g., fuel
injection strategy, VG'T configuration, fuel pressure regulating valve position, and EGR valve
position. If a uniform exhaust gas emissions surface is not achievable, then the method proceeds
to determine 550 whether a maximum difference in exhaust gas emissions between any two
ratings within the engine emission family greater than an emissions variation threshold. The
emissions variation threshold is the maximum tolerance of emissions differences of the ratings
within a given engine emissions family.

If the maximum emissions difference is less than or equal to the emissions variation
threshold as determined at event 550, the method determines 560 an optimized BSFC according
to Equation 1, but constrained by Equations 2 and 3 for all ratings in the engine emissions
family. However, if the maximum emissions difference is more than the emissions variation
threshold as determined at event 550, the method 500 determines 570 an optimized BSFC at
respective points of interest within the operating modes as a function of the predefined engine
operating parameters. After determining the optimized BSFC for various key operating points of
the engine at events 540, 560, or 570, the horsepower rating of the engine to be calibrated is
determined at event 580 and the engine is calibrated at least partially according to the determined
optimized BSFC for the key operating points. Calibration of the engine can include uploading
the steady state and transient operating condition maps and/or tables, e.g., table 300, including
the operating parameter configurations for achieving a desired emissions output and minimizing
the BSFC, to the calibration module 260 of the engine. The engine 110 can be operated and the
applicable components (e.g., VGT device 119, EGR valve 134, fuel injectors 135, and fuel
pressure regulating valve 141) can be controlled according to the uploaded maps and/or tables.

The method 500 can be applied to calibrate the engine for steady state operation and
transient operation of an engine. If the method 500 is being used to calibrate steady state
operation of the engine, the key operating points determined at event 515 are combinations of
steady state emissions testing modes, duty cycle key points, and other key points. However, if
the method 500 is being used to calibrate transient operation of the engine, the key operating
points determined at event 515 are key points based on the time percentage of engine operation
over a transient cycle, e.g., see FIG. 4.

The schematic flow chart diagrams and method schematic diagrams described above are
generally set forth as logical flow chart diagrams. As such, the depicted order and labeled steps
are indicative of representative embodiments. Other steps and methods may be conceived that
are equivalent in function, logic, or effect to one or more steps, or portions thereof, of the

methods illustrated in the schematic diagrams. Additionally, the format and symbols employed
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are provided to explain the logical steps of the schematic diagrams and are understood not to
limit the scope of the methods illustrated by the diagrams. Although various arrow types and
line types may be employed in the schematic diagrams, they are understood not to limit the scope
of the corresponding methods. Indeed, some arrows or other connectors may be used to indicate
only the logical flow of a method. For instance, an arrow may indicate a waiting or monitoring
period of unspecified duration between enumerated steps of a depicted method. Additionally,
the order in which a particular method occurs may or may not strictly adhere to the order of the
corresponding steps shown.

The present invention may be embodied in other specific forms without departing from
its spirit or essential characteristics. The described embodiments are to be considered in all
respects only as illustrative and not restrictive. The scope of the invention is, therefore, indicated
by the appended claims rather than by the foregoing description. All changes which come within

the meaning and range of equivalency of the claims are to be embraced within their scope.
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CLAIMS

1. An apparatus for calibrating an internal combustion engine having a predefined
horsepower rating and categorized within an engine emissions family, comprising:

a calibration module comprising a plurality of calibration tables comprising a top-rated
torque curve and bottom-rated torque curve for each of a plurality of predetermined engine
operating modes of the engine emissions family, the top-rated torque curve corresponding to a
top horsepower rating of the engine emissions family and the bottom-rated torque curve
corresponding to a bottom horsepower rating of the engine emissions family;

a conditions module configured to determine operating conditions of the internal
combustion engine; and

an output module configured to command at least one component of the engine to
achieve a desired engine output exhaust gas emissions value based at least partially on the
operating conditions of the internal combustion engine and a comparison between the predefined

horsepower rating and the top and bottom horsepower ratings of the engine emissions family.

2. The apparatus of claim 1, wherein the engine operating modes each comprise a

respective standard emissions testing mode.

3. The apparatus of claim 2, wherein each standard emissions testing mode
comprises an upper operating point corresponding to the top horsepower rating of the engine
emissions family and a lower operating point corresponding to the bottom horsepower rating of

the engine emissions family.

4. The apparatus of claim 1, wherein the engine operating modes each comprise a
key point corresponding to an engine operating time percentage above a predetermined

threshold.

5. The apparatus of claim 1, wherein the at least one component comprises an engine
component selected from the group consisting of fuel injectors, a variable geometry

turbocharger, a fuel pressure regulating valve, and an exhaust gas recirculation valve.

6. The apparatus of claim 1, wherein for each predetermined engine operating mode,
an engine exhaust gas emissions surface between the top horsepower rating and bottom

horsepower rating inclusive is uniform.
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7. The apparatus of claim 1, wherein:

each of the plurality of predetermined engine operating modes comprises an upper mode
corresponding to the top horsepower rating of the engine emissions family and a lower mode
corresponding to the bottom horsepower rating of the engine emissions family; and

the plurality of calibration tables comprise predetermined operating parameters for
achieving a minimum brake specific fuel consumption at the upper and lower modes of each of

the plurality of predetermined engine operating modes.

8. The apparatus of claim 1, wherein:

an engine exhaust gas emissions surface between the top horsepower rating and bottom
horsepower rating of at least one of the plurality of predetermined engine operating modes is
non-uniform; and

the calibration module is configured to determine a minimum brake specific fuel
consumption at the upper and lower modes of each of the plurality of predetermined engine

operating modes based at least partially on a fuel economy weighting factor.

9. The apparatus of claim 1, wherein:

the predefined horsepower rating is any of a plurality of intermediate horsepower ratings
between the top horsepower rating and the bottom horsepower rating; and

the at least one component command is determined at least in part by using interpolation

methods.

10. A method for calibrating an internal combustion engine, comprising:

determining an engine emissions family of the internal combustion engine;

determining key operating modes of the internal combustion engine from calibration
tables corresponding to the determined engine emissions family, each key operating mode
comprising an upper horsepower rating point and a lower horsepower rating point;

determining whether a uniform emissions surface is achievable between the upper and
lower horsepower rating points of each key operating mode;

determining an engine horsepower rating of the internal combustion engine;

determining an optimal fuel economy for the determined horsepower rating at each of the
determined key operating modes, the optimal fuel economy being based at least partially on the
determined horsepower rating of the internal combustion engine; and

configuring the internal combustion engine according to the determined optimal fuel

economy and a desired emissions surface at each of the determined key operating modes.
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11. The method of claim 10, wherein:

if a uniform emissions surface is achievable between the upper and lower horsepower
rating points of each key operating mode, the method further comprises determining an optimal
fuel economy for the upper and lower horsepower ratings points of each key operating mode;
and

the optimal fuel economy for the determined horsepower rating is based on the optimal

fuel economy for the upper and lower horsepower ratings of each key operating mode.

12. The method of claim 11, wherein the optimal fuel economy for the determined
horsepower rating at each of the determined key operating modes is dependent on a fuel injection
strategy and the relative configurations of a variable geometry turbocharger device, a fuel

pressure regulating valve, and an exhaust gas recirculation valve.

13. The method of claim 10, wherein:

if a uniform emissions surface is not achievable between the upper and lower horsepower
rating points of each key operating mode, the method comprises determining whether a
maximum difference between an exhaust gas emissions value at any one horsepower rating of
the engine emissions family and an exhaust gas emissions value at any other horsepower rating
of the engine emissions family is greater than an emissions variation threshold;

if the maximum difference is less than or equal to the emissions variation threshold, the
optimal fuel economy for the determined horsepower rating at each of the determined key
operating modes is determined using a first model;

if the maximum difference is greater than the emissions variation threshold, the optimal
fuel economy for the determined horsepower rating at each of the determined key operating

modes is determined using a second model different than the first model.
14. The method of claim 13, wherein the first model comprises
min Z BSFC :Zh: W, x BSFC, , wherein min Z BSFC is a minimum composite brake specific
i=1
fuel consumption for the determined horsepower rating at a given key operating mode, W;is a
fuel economy weighting factor, and % is equal to a predefined number of key operating modes.

15. The method of claim 14, wherein the first model is constrained according to

> NO,=>WF _r,xNO_,<NO,,, , and > PM => WF _r,xPM,<PM,_ ., ,wherein
i=1 i=1

Z NO | is the composite nitrogen oxide (NOy) over a certification cycle, Z PM is the composite
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particulate matter (PM) over a certification cycle, WF _r, is an emissions contribution weighting

factor at a respective one of the emissions modes, NO is a predetermined upper limit for

X,target

composite NOy emissions, and PM is a predetermined upper limit for composite PM

target

emissions.

16.  The method of claim 13, wherein the second model comprises determining a
minimum composite brake specific fuel consumption as a function of at least one of fuel
injection timing and dosage, exhaust gas recirculation fraction, fuel rail pressure, and position of
variable geometry turbo device for each operating point of interest within each key operating

mode.

17. The method of claim 10, wherein the key operating modes comprise a plurality of

predetermined emissions testing modes.

18. The method of claim 10, wherein the key operating modes each comprise an
engine operating mode having an operating time percentage above a predetermined operating

time percentage threshold.

19. An engine calibration module for calibrating an internal combustion engine,
comprising:
at least one set of calibration tables comprising:
upper horsepower rating and lower horsepower rating information for each
of a plurality of engine operating modes of a given engine emissions family;
exhaust gas emissions surface information corresponding to the upper
horsepower rating and lower horsepower rating information for each of the
plurality of engine operating modes of the given engine emissions family;
fuel economy optimization information corresponding to the upper
horsepower rating and lower horsepower rating information for each of the
plurality of engine operating modes of the given engine emissions family; and
engine component configuration information corresponding to the upper
horsepower rating and lower horsepower rating information for each of the
plurality of engine operating modes of the given engine emissions family, the
engine component configuration information representing engine component
configurations for achieving desired exhaust gas emissions surfaces represented
by the exhaust gas emissions surface information and optimized fuel economy

represented by the fuel economy optimization information;
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wherein an internal combustion engine of the given engine emission family having any
horsepower ratings between and including the upper and lower horsepower ratings is calibratable
to achieve a desired exhaust gas emissions surface and an optimized fuel economy by accessing

the at least one calibration table.

20. The engine calibration module of claim 19, wherein the engine component
configurations each comprise at least one of a desired timing and dosing of a main fuel injection,
a desired timing and dosing of at least one post-injection, a desired exhaust gas recirculation
fraction, a desired fuel rail pressure, a desired variable geometry turbocharger device position,

and a desired timing and dosing of a pilot fuel injection.

21. The engine calibration module of claim 19, wherein the fuel economy
optimization information comprises a first set of fuel economy optimization information
associated with uniform exhaust gas emissions surfaces for each of the plurality of engine
operating modes and a second set of fuel economy optimization information associated with non-
uniform exhaust gas emissions surfaces for at least one of the plurality of engine operating

modes.
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q..': 1050 to 1100 0.00]0.00(0.00(0.08 |0.08 (0.08 |0.00(0.00 (0.000.330.08 (0.25]0.25]0.16 [0.08 |0.41
~ 1000 to 1050 0.00]0.00{0.000.16 |0.00 (0.08 |0.00|0.08 [0.08 |0.16 |0.00 (0.25|0.66 |0.16 (0.58 |2.14
g 950 to 1000 0.00]0.00{0.00(0.00|0.00(0.00|0.16|0.08 [0.16 |0.08 |0.25 (0.16 |0.49 |0.16 (0.08 |0.16
o 900 to 950 0.00]0.00|0.00[0.00|0.08 (0.08 |0.08|0.00 ({0.08 |0.08 |0.16 (0.41|0.49]0.16 (0.41]0.82
B 850 to 900 0.00]0.00{0.00(0.00|0.08 (0.08 |0.00|0.08 {0.08 |0.33 |0.41(0.490.20]0.00 (0.08|0.82
- 800 to 850 0.00]0.00{0.00(0.08|0.00(0.08 |0.08|0.16 {0.16 |0.41 |0.41(0.33|0.66 |0.25(0.25]0.82
GCJ 750 to 800 0.00]0.00{0.00[0.08|0.00(0.08 |0.08|0.08 [{0.00|0.16 |0.25 (0.41|0.58 |0.00 (0.00]0.74
C_D 700 to 750 0.00]0.00{0.080.16 |0.00 (0.08 |0.00|0.08 {0.08 |0.33 |0.33 (0.081.31]0.00 (0.080.74
e 650 to 700 0.00]0.00{0.0010.00|0.25(0.08 |0.41|0.25(0.00 |0.08 |0.74 (0.16 |0.82 |0.08 (0.00 |0.90
Ll 600 to 650 0.00]0.00{0.08 10.00|0.08 (0.08 |0.08|0.00 (0.08 |0.000.33 (0.330.82]0.16 (0.08|0.99
550 to 600 0.00]0.08 |0.000.08 |0.08 (0.00 |0.08|0.08 [{0.08 |10.16 |0.16 (0.16 |0.74 |0.16 (0.33 |1.07

500 to 550 0.00]0.00{0.0010.080.25(0.33|0.25|0.16 {0.08 |0.00 |0.66 (0.58 | 1.820.00 (0.00 |0.66

450 to 500 0.00]0.00{0.000.16 |0.25(0.00 |0.08 |0.00 (0.08 |0.08 |0.25 (0.16 | 1.810.00 (0.00 |0.82

400 to 450 0.00]0.08 |0.2510.08 |0.08 (0.16 |0.08 |0.16 {0.00 |0.25]0.41 (0.16 |2.22 |0.00 (0.00 | 0.58

350 to 400 0.00]0.00{0.4110.16 |0.25(0.08 |0.08 |0.16 {0.00 |0.08 |0.58 (0.49 |2.22 |0.00 (0.00 |0.90

300 to 350 0.00]0.16 |0.08 10.25]0.25(0.00 |0.08 |0.16 {0.00 |0.00 |0.33 (0.33|1.23 |0.00 (0.00 |0.08

250 to 300 0.00]0.00{0.4110.16 |0.25(0.16 |0.00|0.00 {0.00 |0.16 |0.00 (0.16 | 1.23 |0.00 (0.00 |0.49

200 to 250 0.0810.41(0.080.33|0.08 (0.00|0.16|0.08 {0.00 |0.08 |0.08 [0.74|0.58 |0.00 (0.00 |0.08

150 to 200 0.25]0.08 |0.4110.08 |0.08 (0.00 |0.00{0.00 {0.00|0.16 |0.25 (0.33|0.33 |0.00 (0.00|0.90

100 to 150 0.33]0.66 |0.16(0.25]0.00 (0.08 |0.00 (1.15(0.00 |0.08 |0.08 (0.41 | 1.64 |0.00 (0.00 |0.58

50 to 100 1.6410.330.410.16 |0.00|0.08 [0.00|1.64 (0.25|0.00 |0.16 (0.08 |0.00 |0.00 (0.00 |0.00

0 to 50 3.70(0.00(0.080.33(0.330.25|0.08 (0.08 |0.00|0.33 ({0.08 |0.41(0.16 (0.08 |0.08 (0.00

Fig. 4
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