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APPARATUSES, METHODS AND SYSTEMS FOR THERMAL MANAGEMENT OF
HYBRID VEHICLE SCR AFTERTREATMENT

CROSS REFERENCE TO RELATED APPLICATIONS

The present application claims the benefit of U.S. Patent Application
No. 12/982,963 filed on December 31, 2010 and U.S. Patent Application No.
13/209,874 filed on August 15, 2011, which are incorporated herein by
reference.

BACKGROUND

The present application relates to apparatuses, methods and systems for thermal
management of hybrid vehicle selective catalytic reduction (SCR) aftertreatment, and
more particularly, but not exclusively to apparatuses, methods and systems including an
electrical heater for thermal management of an SCR catalyst, an SCR decomposition
reactor, and/or related SCR components. SCR systems are useful to reduce emissions of
nitrogen oxides (NOy) produced by internal combustion engines. These systems typically
use a reductant such as ammonia or urea-based reductants such as diesel exhaust fluid
(DEF) which decompose into ammonia in connection with an SCR catalyst to convert the
NOx to nitrogen gas (N,) and water vapor (H,0). Both decomposition of reductants such
as urea and operation of SCR catalysts are temperature dependent and can benefit from
thermal management to provide desired operating temperatures or temperature ranges.
Present approaches to thermal management of SCR aftertreatment suffer from a variety
of limitations and problems including difficulties in achieving, controlling and
maintaining desired temperatures or temperature ranges. Hybrid vehicles present
complicating challenges for thermal management of SCR aftertreatment due to reduced
engine operation and engine start and stop events. There is a need for the unique and

inventive methods, systems and apparatuses disclosed herein.
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SUMMARY

Some exemplary embodiments include unique SCR exhaust aftertreatment
temperature control systems for hybrid vehicles. Some exemplary embodiments include
unique methods of controlling or managing SCR exhaust aftertreatment temperatures in
hybrid vehicles. Some exemplary embodiments include unique SCR exhaust
aftertreatment temperature control apparatuses for hybrid vehicles. Some exemplary
embodiments include hybrid vehicle systems including an engine operable to output
exhaust, an exhaust aftertreatment system configured to receive the exhaust from the
engine, the exhaust aftertreatment system including an SCR catalyst operable to reduce
NOx in the exhaust and an electrical heater operable to heat the SCR catalyst, a
motor/generator operable in a braking mode to receive torque to slow the vehicle and
output electrical power, an energy storage device operable to output electrical power to
drive the motor/generator and receive electrical power from the motor/generator, and a
controller operable to control the electrical heater to heat the SCR catalyst using
electrical power from the motor/generator in the braking mode. Further embodiments,
forms, objects, features, advantages, aspects, and benefits shall become apparent from the

following description, drawings and claims.



WO 2012/092401 PCT/US2011/067677

BRIEF DESCRIPTION OF THE DRAWING
Fig. 1 is a schematic illustration of an exemplary hybrid vehicle system.
Fig. 2 is a schematic illustration of an exemplary SCR aftertreatment system.
Fig. 3 is a flowchart illustrating an exemplary SCR thermal management
5  procedure.
Figs. 4a, 4b, 4¢ and 4d are schematic illustrations of exemplary operating modes
of an SCR thermal management system.
Fig. 5a is a flowchart illustrating an exemplary SCR thermal management
procedure.
10 Fig. 5b is a flowchart illustrating an exemplary SCR thermal management

procedure.
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DETAILED DESCRIPTION

For purposes of promoting an understanding of the principles of the invention,
reference will now be made to the exemplary embodiments illustrated in the figures and
specific language will be used to describe the same. It will nevertheless be understood
that no limitation of the scope of the invention is thereby created, and that the invention
includes and protects such alterations and modifications to the illustrated embodiments,
and such further applications of the principles of the invention illustrated therein as
would occur to one skilled in the art to which the invention relates.

Fig. 1 illustrates an exemplary hybrid vehicle system 100. Hybrid vehicle system
100 includes a hybrid powertrain including an internal combustion engine 102 and a
motor/generator 104 which are selectably coupled to one another by a controllable clutch
119. Motor/generator 104 is electrically coupled with an electrical energy storage system
110 which preferably includes a battery or other energy storage device, a power bus, and
power conversion electronics which can convert electrical power received from
motor/generator 104 for storage in the battery and convert power from the battery to drive
motor/generator 104. It shall be understood that the battery of electrical energy storage
system 110 may include a number of devices, for example, battery banks, battery packs,
ultracapacitors and other types of energy storage devices. For simplicity, however, the term
battery is used to inclusively describe these possibilities. It shall further be understood that
power distribution may be provided in a number of manners including, distribution through
a power bus from one or more components acting as a power source to one or more
components drawing power, as well as through direct power connections between
components. Furthermore, power distribution may involve additional intermediate power
devices between one or more components acting as a power source to one or more
components drawing power, including power converters, inverters, rectifiers and other

power electronics.
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The powertrain of hybrid vehicle system 100 may be operated in different vehicle
propulsion modes so that engine 102, motor/generator 104, or both engine 102 and
motor/generator 104 provide torque to a transmission 116 which, in turn, provides torque to
the drive wheels 118 of the hybrid vehicle. The powertrain of hybrid vehicle system 100
may also be operated so that engine 102 drives motor/generator 104 to recharge a battery or
other energy storage device of energy storage system 110, or to power one or more engine
accessories or other electrically powered devices such as an electrical heater. The
powertrain of hybrid vehicle system 100 may further be operated in a regenerative braking
mode in which the motor/generator 104 receives torque from the vehicle wheels 118 and
generates electrical power which can be used to recharge a battery or other energy storage
device of energy storage system 110, or to power one or more engine accessories or other
electrically powered devices such as an electrical heater. It shall be understood that the
powertrain of hybrid vehicle system 100 is an exemplary configuration and that additional
embodiments contemplate other hybrid powertrain configurations, including, for example,
series hybrid powertrain configurations, parallel hybrid powertrain configurations, series-
parallel hybrid powertrain configurations, power-split hybrid configurations, and hybrid
configurations including multiple motor/generators. Furthermore, it shall be understood that
additional torque transfer devices for example, clutches, torque converters, gear splitters,
differentials, deep reduction gears, and/or other devices may be included in the torque path
between engine 102, motor/generator 104 and vehicle wheels 118.

Hybrid vehicle system 100 further includes an exhaust aftertreatment system 108
which includes an SCR aftertreatment device 112 and an electrical heater 114 which is
operable to provide heat to the SCR aftertreatment device 112. SCR aftertreatment device
112 may be of the type illustrated and described below in connection with Fig. 2, or n types
of SCR aftertreatment devices. Electrical heater 114 may be provided in a number of
locations effective to heat SCR aftertreatment device 112 including in contact with or
adjacent to SCR aftertreatment device 112, or in an exhaust flowpath of SCR

aftertreatment device 112. Exhaust aftertreatment system 108 may also include additional



10

15

20

25

WO 2012/092401 PCT/US2011/067677

aftertreatment devices, for example, diesel particulate filters, diesel oxidation catalysts and
other aftertreatment devices.

Hybrid vehicle system 100 includes a controller 120 which is coupled to and
operable to control the operation of engine 102, motor/generator 104, energy storage system
110, aftertreatment system 108, electrical heater 114 and other components and systems of
hybrid vehicle system 100, as well as to receive information from such components and
systems or from sensors provided therewith. Controller 120 preferably includes one or more
microprocessors, digital memories, ASICS and/or other integrated circuitry. For simplicity
controller 120 is illustrated as a single unit, but it shall be understood that multiple controller
units may be utilized to perform the functions described herein.

Fig. 2 illustrates an exemplary SCR aftertreatment system 200 which includes an
SCR decomposition reactor 202 configured to receive exhaust from an engine. In the
illustrated embodiment SCR decomposition reactor 202 is configured as a tube, although
SCR decomposition reactors of other configurations may also be utilized. An electrical
heater 204 is configured to heat exhaust passing through decomposition reactor 202.
Electrical heater 204 is located in SCR decomposition reactor 202 upstream of a doser
206. Doser 206 is operable to introduce reductant into SCR decomposition reactor 202.

The reductant is preferably a ureca-based diesel exhaust fluid (DEF), however, other
reductants such as solid urea or ammonia may also be utilized. At desired operating
temperatures, DEF received in SCR decomposition reactor 202 undergoes hydrolysis and
is converted to ammonia. SCR catalyst 212 is positioned downstream of doser 206 to
receive exhaust and ammonia from SCR decomposition reactor 202 and convert NOx in
the exhaust and ammonia into N, and H,O through a catalyzed reaction. The upstream
location of electrical heater 204 relative to doser 206 limits reactions of the reductant the
heating elements of electrical heater 204 and avoids scaling, while simultaneously
providing heat to decomposition reactor 202 to provide temperatures or temperature
ranges desired for reductant decomposition and to provide heat to SCR catalyst 212 to

provide desired SCR catalyst operating temperatures or temperature ranges.
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Electrical heater 204 may be controlled to provide a desired temperature for
decomposition of a reductant such as urea. In an exemplary embodiment a desired
temperature of about 180-220 °C is provided for decomposition of DEF in SCR
decomposition reactor 202. Additionally or alternatively electrical heater 204 may be
controlled to provide a desired temperature for operation of SCR catalyst 212. The
desired temperature may be in a temperature range where performance of the SCR
catalyst is optimal, or in a temperature range where reduction of NOx is above a desired
level. These temperature ranges for SCR catalyst operation depend upon the particular
SCR catalyst utilized. In one exemplary embodiment a copper zeolite (CuZe) SCR
catalyst having a desired operation temperature of about 250-350 °C is utilized. Other
exemplary embodiments include additional or alternate SCR catalysts having other
desired operation temperatures or temperature ranges.

A controller, such as controller 120 described hereinabove, may control electrical
heater 204 to operate using electrical power from a motor/generator of a hybrid vehicle as
indicated by source 2104, from energy storage device of a hybrid vehicle as indicated by
source 2110, or from both sources 2104 and 2110. Power from motor/generator source
2104 may be provided by driving a motor generator with an engine. Power from
motor/generator source 2104 may also be provided by a motor/generator in a braking
mode where the motor generator receives torque to reduce the speed of a hybrid vehicle
and generate electrical power. A thermal management control routine may be operated to
monitor the SCR catalyst temperature and to command a heat input from electrical heater
204 to achieve a desired SCR catalyst temperature or temperature range. Controller 120
may also control electrical heater 204 to supplement the engine thermal management of
SCR catalyst temperature thereby reducing engine wear.

Information received by a controller from one or more sensors may be used to
determine temperature conditions of the SCR decomposition reactor 202 and/or the SCR
catalyst 212 which, in turn, may be used to control the operation of heater 204 to achieve

desired temperatures or temperature ranges. Temperature conditions of the SCR
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decomposition reactor 202 and the SCR catalyst 212 can be determined in a number of
manners. Certain exemplary embodiments utilize one or more exhaust gas temperature
sensors operable to sense exhaust gas temperature, for example, thermocouples,
resistance temperature detectors, or other temperature sensors. Certain exemplary
embodiments utilize one or more additional or alternate physical sensors, virtual sensors,
and/or estimation algorithms in measuring or determining temperature conditions of the
SCR decomposition reactor 202 and the SCR catalyst 212.

In the illustrated embodiment, aftertreatment system 200 includes temperature
sensors 208a and 208c, and NOx sensors 208b and 208d which are operably coupled with
a controller to monitor temperature and NOx operating parameters which are used to
control operation of electrical heater 204. In certain exemplary embodiments,
temperature sensor 208a is used to monitor temperature of exhaust entering
decomposition reactor 202 in connection with a controller operable to heat exhaust within
decomposition reactor with electrical heater 204 to achieve a desired decomposition
reactor operating temperature or temperature range. In certain exemplary embodiments,
temperature sensor 208¢ is used to monitor the outlet temperature of SCR catalyst 212 to
determine its temperature in connection with a controller operable to heat SCR catalyst
212 using electrical heater 204 to achieve desired operating temperatures or temperature
ranges of SCR catalyst 212. In certain exemplary embodiments, SCR catalyst
temperature is further based upon information from NOx sensors 208b and/or 208d, for
example, information of NOx conversion or reduction by SCR catalyst 212 may be used
as an additional indication of SCR catalyst temperature based upon a determined SCR
catalyst efficiency and/or an SCR catalytic reaction contribution to overall temperature.
Aftertreatment system 200 may also include sensors in additional and alternate locations
and configurations operable to monitor inlet and outlet temperatures and inlet and outlet
NOx levels as well as additional sensors to monitor exhaust airflow and other parameters.

Fig. 3 illustrates an exemplary thermal management procedure 300 for an SCR

aftertreatment system. Thermal management procedure 300 begins by determining an
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exhaust flow potential in operation 310. Operation 310 may determine an exhaust flow
potential based on a number of operating parameters such as engine operating mode,
engine speed, turbocharger parameters, NOy levels at an exhaust inlet and an exhaust
outlet and combinations of these and other parameters.

From operation 301, procedure 300 proceeds to conditional 320. Conditional 320
evaluates the exhaust flow potential. If conditional 320 determines that the exhaust flow
potential from operation 310 indicates an exhaust gas is moving from an engine through
an SCR aftertreatment system, procedure 300 proceeds to operation 330 which
determines an SCR temperature. If conditional 320 determines that there is not an
exhaust flow potential, procedure 300 returns to start. Operation 330 determines an SCR
temperature (Tscr) which may be, for example, the temperature of the SCR
decomposition reactor tube, the temperature of the SCR catalyst, or the temperature of
another component or device of an SCR aftertreatment system. Operation 330 may
utilize a number of methods and apparatuses for determining the SCR temperature.

Procedure 300 continues with operation 340 which determines an SCR heating
strategy in response to the exhaust flow potential of operation 310 and the SCR
temperature of operation 330. After conditional 320 determines whether there is an
exhaust gas flow that should be addressed in the aftertreatment components such as an
SCR component, operation 340 utilizes the results of operation 310 and operation 330 to
determine if an SCR heating strategy may improve the efficiency of the SCR component
to remove the NOy emissions from the exhaust gas of the engine of the hybrid propulsion
system. The SCR heating strategy determined in operation 340 includes selecting an
SCR heating mode in conditional 350.

Conditional 350 evaluates the SCR temperature (Tscr) by comparing it to an
exhaust temperature threshold range. If Tscr is greater than a maximum exhaust
temperature threshold (Twym), procedure 300 performs deactivate operation 380 which
deactivates an electrical heating element that provides heat to the SCR aftertreatment

system and returns to the beginning of procedure 300 to continue monitoring the exhaust
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flow potential and the SCR temperature. If conditional 350 identifies the Tscr as being
less than a minimum exhaust temperature threshold (Tyg) then procedure 300 enters a
low temperature mode 360. A temperature below Ty may indicate operating conditions
less efficient for SCR components. In low temperature mode 360, procedure 300
operates the SCR thermal management system to increase the SCR temperature and
improve the efficiency of the SCR aftertreatment system. If conditional 350 determines
that the Tgcr is greater than Ty, but less than maximum exhaust temperature threshold
(Twmm), procedure 300 enters a temperature maintenance mode 370. Temperature
maintenance mode 370 operates the SCR thermal management system to maintain a
temperature within an exhaust temperature threshold range thereby maintaining the SCR
component efficiency.

Figs. 4a, 4b, 4¢ and 4d illustrate schematic diagrams of power source distribution
modes for a hybrid vehicle SCR thermal management system. A hybrid vehicle SCR
thermal management system or control routine may power an electrical SCR heater from
an energy storage device such as a battery, an engine generation source wherein a
motor/generator is driven by an engine, a combination of the energy storage device and
an engine generation source, a regenerative braking source, or a regenerative braking
source in combination with an energy storage device.

In the mode illustrated in Fig. 4a, the electric heater is operated using power from
the energy storage device. This mode of may be selected in response to the SCR thermal
strategy determined from an exhaust flow potential and the Tscr when the state of charge
of the energy storage device (SOCggp) is above a state of charge threshold (SOCor).
This mode may be used to power the electric heater during engine warm up or under
other conditions where the exhaust temperature alone does not provide desired SCR
temperatures.

In the mode illustrated in Fig. 4b, the electric heater is operated using power from
the motor/generator driven by the engine. In this mode, the engine supplies power to the

motor/generator which generates power to operate the electrical heater. This mode may



10

15

20

25

WO 2012/092401 PCT/US2011/067677
11

be selected when SOCggp is below SOCor. By having the engine operating to supply
power to the generator, the exhaust gas temperature may also be increased due to the
increased load on the engine. The higher temperature exhaust gases may add further heat
to the SCR system. The SCR system may obtain an efficient operating level at an
increased rate with the heat from the electrical heater and the heat in the exhaust gas from
the operating engine.

In the mode illustrated in Fig. 4c, the electric heater is operated using power from
the motor/generator driven by the engine in combination with energy from the energy
storage device. This mode may be selected when the energy storage device is able to
supply some but not all of the power desired for the electrical heater. This mode may
also be selected when the motor/generator driven by the engine is able to supply some
but not all of the power desired for the electrical heater.

In the mode illustrated in Fig. 4d, the electric heater is operated using power from
the motor/generator driven by regenerative braking. This mode may also be selected
during a regenerative braking event, for example, a regenerative braking event initiated in
response to an operator command. This mode may also be used to supplement or assist
engine braking in a hybrid propulsion system. When the energy storage device is
completely charged or at a maximum charge threshold and no more regenerative braking
energy can be captured by the energy storage device, an engine braking system may be
deployed to maintain a consistent feel of braking. Under such circumstances, instead of
or in addition to using engine braking, the electrical SCR heater may be used to reject the
generated energy as heat through the coils of the electrical heater in the SCR
aftertreatment system, thereby reducing wear on the engine. This mode may also be used
in combination with other power sources. For example, the electric heater can be
operated using power from the motor/generator driven by regenerative braking in
combination with power from the energy storage device, or in combination with power

from a second motor/generator driven by the engine.
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Figs. 5a and 5b are flow charts illustrating exemplary SCR heating modes - low
temperature mode 560 and temperature maintenance mode 570, respectively. These
modes may be used to determine what power source is used to power an electrical SCR
heater. During low temperature operating modes such as a cold-start of an engine, an
SCR thermal management system may utilize an electrical SCR heater to draw energy
from one or more of several power sources, for example, the power source modes and
combinations described above in connection with Figs. 4a, 4b, 4c and 4d. The electrical
SCR heater is powered by one or more power sources effective to heat an SCR catalyst,
an SCR decomposition chamber, or both. This heating may be accomplished, for
example, by using the SCR heater to heat exhaust flowing through or to one or more SCR
components or by directly heating one or more SCR components. The rate of warm up
may be determined by the capacity of the electrical SCR heater, the load which can be
placed on the engine to heat exhaust, and the control strategy that commands heater
power. Cold-start NOx emissions may be reduced by the operation of the SCR thermal
management system.

As illustrated in Fig. 5a, operation 560 initiates a low temperature mode, for
example, during an engine cold start event or other low temperature situation. From
operation 560 low temperature mode proceeds to conditional 563. Conditional 563
evaluates the energy storage device state of charge SOCggp against a state of charge
threshold (SOCor) to determine whether the battery has a sufficient state of charge to
provide power for the electrical SCR heater. In further embodiments, this determination
may evaluate the state of change of the battery or other energy storage device as well as
the power demands being placed on the energy storage device by other loads, the power
load needed for the clectrical SCR heater, and/or combinations to these and other factors
relating the ability of the energy storage device to power the electrical SCR heater.

If conditional 563 determines that SOCggp is greater than a state of charge
threshold (SOCor), or otherwise determines that the energy storage device is available to

provide at least some power to the electrical SCR heater, low temperature mode 560
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continues to conditional 564. Conditional 564 determines whether an energy storage
device derate condition is present by evaluating whether the energy storage device is able
the meet the entire power load desired or commanded for the electrical SCR heater. This
evaluation may be based upon a number of criteria including for example, the
temperature of the energy storage device, the life remaining in the energy storage device
(e.g., the expected number of charging/discharging events that a battery may experience
while still conforming to operational requirements), other existing and predicted loads on
the energy storage device, the load needed for the electrical SCR heater and combinations
of these and other criteria relating to the ability of the energy storage device to meet the
entire desired or commanded power load for the electrical SCR heater.

If conditional 564 determines that the energy storage device is able to meet the
entire power load desired or commanded for the electrical SCR heater, low temperature
mode 560 proceeds to energy storage device power mode 565 which uses the energy
storage device to power the electrical SCR heater. If conditional 564 determines that the
energy storage device is not able to meet the entire power load desired or commanded for
the electrical SCR heater low temperature mode 560 proceeds to combination power
mode 568 which uses power from the energy storage device and power from a
motor/generator driven by the engine to power the electrical SCR heater.

If conditional 563 determines that SOCgsp is less than SOCqr, or otherwise
determines that the energy storage device is not available to provide at least some power
to the electrical SCR heater, low temperature mode 560 proceeds to engine generation
power mode 567 which uses power from a motor/generator driven by the engine to power
the electrical SCR heater. Each of modes 565, 567 and 568 returns to procedure 300 to
reevaluate conditions to determine the continued use of the SCR thermal management
system. It is also contemplated that low temperature mode may evaluate whether a
regenerative braking event is occurring and utilizes power generated by a motor
generator to power an electrical SCR heater alone or in combination with power from an

energy storage device.
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When an SCR catalyst temperature starts to drop below a desired operating
temperature or temperature range, for example, due to engine shut off events, engine
idling, or lightly loaded engine operation, an electrical SCR heater may be operated to
maintain or bring the SCR components to a desired temperature or temperature range.
This temperature maintenance mode of operation may provide desired NOx conversion
efficiency throughout the engine duty cycle of a hybrid vehicle system.

Fig. 5b illustrates an exemplary temperature maintenance mode 570.
Maintenance mode 570 evaluates whether a regenerative braking event is detected in
conditional 571. If conditional 571 detects a regenerative braking event, temperature
maintenance mode 570 utilizes regenerative braking power mode 572 to provide at least
some of the power needed by the electrical SCR heater. If power available from
regenerative braking is not sufficient to meet the power needed by the electrical SCR
heater, additional power may be provide from an energy storage device.

If conditional 571 does not detect a regenerative braking event, temperature
maintenance mode 570 continues to conditional 573 which evaluates a state of charge of
an energy storage device (SOCggp), or performs additional evaluations such as those
described above in connection with Fig. 5a. If conditional 573 determines that SOCggp is
greater than a state of charge threshold (SOCor), or otherwise determines that the battery
is unavailable to power the electrical SCR heater, temperature maintenance mode 570
continues to energy storage device power mode 575 which uses an energy storage device
to power the electrical SCR heater. If it is determined that SOCggp is less than SOCor,
temperature maintenance mode 570 utilizes an engine generation power mode 577 which
uses a motor/generator driven by the engine to power the electrical SCR heater.
Additional embodiments may further evaluate whether the energy storage device is
available to provide at least part of the power needed by the electrical SCR heater and use
cither the energy storage device alone or in combination with a motor/generator driven

they the engine, for example, as described above in connection with Fig. 5a. Each power
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mode of the temperature maintenance mode returns to procedure 300 to reevaluate
conditions to determine the continued use of the SCR thermal management system.

Some exemplary embodiments include a hybrid vehicle system comprising an
engine operable to output exhaust, an exhaust aftertreatment system configured to receive
the exhaust from the engine, the exhaust aftertreatment system including an SCR catalyst
operable to reduce NOx in the exhaust and an electrical heater operable to heat the SCR
catalyst, a motor/generator operable in a braking mode to receive torque to slow the
vehicle and output electrical power, an energy storage device operable to output electrical
power to drive the motor/generator and receive electrical power from the
motor/generator, and a controller operable to control the electrical heater to heat the SCR
catalyst using electrical power from the motor/generator in the braking mode. In certain
exemplary forms the controller is operable to determine a charge condition of the energy
storage device and to control the electrical heater to heat the SCR catalyst using electrical
power from energy storage device based upon the charge condition of the energy storage
device.

In certain exemplary embodiments the controller is operable to control the
electrical heater to heat the SCR catalyst using electrical power from the motor/generator
in the braking mode in combination with electrical power from energy storage device.

In certain exemplary embodiments the controller is operable to determine a
charge condition of the energy storage device and to control the electrical heater to heat
the SCR catalyst using electrical power from the energy storage device or using electrical
power from the motor/generator being driven by the engine based upon the charge
condition of the energy storage device.

In certain exemplary embodiments the controller is operable determine an energy
storage device derate condition and to control the electrical heater to heat the SCR
catalyst using electrical power from the motor/generator being driven by the engine in

combination with electrical power from the energy storage device based upon the energy
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storage device derate condition. In certain exemplary embodiments the energy storage
device derate condition is based upon a temperature of the energy storage device.

In certain exemplary embodiments the exhaust aftertreatment system includes a
decomposition reactor and a doser operable to introduce reductant into the decomposition
reactor at a location upstream of the SCR catalyst, and the electrical heater is operable to
heat exhaust in the decomposition reactor at a location upstream of the doser effective to
heat the SCR catalyst. In certain exemplary embodiments the controller is operable to
determine a temperature condition of the SCR catalyst, determine a temperature
condition of the decomposition reactor, and to control the electrical heater based upon the
temperature condition of the SCR catalyst or the temperature condition of the
decomposition reactor.

In certain exemplary embodiments the controller is operable to determine an
exhaust flow potential from the engine, determine an SCR temperature, determine a state
of charge of the energy storage device, determine a regenerative braking event, and
selectively power the electrical heater with the energy storage device, the
motor/generator, or both based upon the exhaust flow potential, the SCR temperature, the
state of charge of the energy storage device, and the regenerative braking event.

In certain exemplary embodiments the controller is operable to control operation
of the electrical heater in a low temperature operating mode when the SCR temperature is
less than a minimum temperature threshold, in a temperature maintenance mode when the
SCR temperature is greater than the minimum temperature threshold and less than a
maximum temperature threshold, and in an inactive mode when the SCR temperature is
greater than the maximum temperature threshold.

Some exemplary embodiments include a method comprising providing a hybrid
vehicle system including an internal combustion engine, a motor/generator, an SCR
exhaust aftertreatment system including an SCR catalyst and an electrical heater, and an
energy storage device, determining a flow of exhaust gas from the internal combustion

engine, determining an SCR temperature of the SCR aftertreatment system, determining a
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state of charge of the energy storage device, determining a regenerative braking event,
and controlling the electrical heater to heat the SCR catalyst based upon the flow of
exhaust gas, the SCR temperature, the state of charge, and the regenerative braking event.

In certain exemplary embodiments controlling the electrical heater includes
operating the electrical heater in a low temperature operating mode when the SCR
temperature is less than a minimum temperature threshold; operating the electrical heater
in a temperature maintenance mode when the SCR temperature is greater than the
minimum temperature threshold and less than a maximum temperature threshold; and
deactivating the electrical heater when the SCR temperature is greater than the maximum
temperature threshold. In certain exemplary embodiments the low temperature operating
mode powers the electrical heater in a first mode using power from the energy storage
device, in a second mode using power from the motor/generator being driven by the
engine, and in a third mode using power from both the energy storage device and the
motor/generator being driven by the engine. In certain exemplary embodiments
operation in the first mode, the second mode or the third mode is controlled based upon
the state of charge of the energy storage device and an energy storage device derate
condition.

In certain exemplary embodiments the energy storage device includes a battery
and the derate condition is determined based upon a temperature condition of the battery
and a remaining life condition of the battery. In certain exemplary embodiments the SCR
exhaust aftertreatment system includes a decomposition reactor at a location upstream of
the SCR catalyst and the electrical heater is operable to heat exhaust in the
decomposition reactor based upon a temperature condition of the decomposition reactor.

Some exemplary embodiments include a hybrid vehicle system comprising an
engine operable to output exhaust, an SCR exhaust aftertreatment system including an
SCR catalyst and a decomposition reactor configured to receive exhaust from the engine
and to receive reductant, an electrical heater operable to heat exhaust in the

decomposition reactor, a motor/generator operable as a motor to output torque and
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operable as a generator to output electrical power, an energy storage device operable to
provide electrical power to the motor/generator and receive electrical power from the
motor/generator, and a controller operable to determine a temperature condition of the
decomposition reactor and control the electrical heater to heat exhaust in the
decomposition reactor using power from the energy storage device or power from the
motor/generator based upon the temperature condition of the decomposition reactor.

In certain exemplary embodiments the motor/generator is operable in a braking
mode to receive torque to slow the vehicle and output electrical power and in a generator
mode to receive torque from the engine and output electrical power and the controller is
operable to control the electrical heater to heat exhaust in the decomposition reactor
using power from the motor/generator in the braking mode or power from the
motor/generator in the generator mode.

In certain exemplary embodiments the controller is operable to control the
electrical heater to heat exhaust in the decomposition reactor using power from the
energy storage device in combination with power from the motor/generator. In certain
exemplary embodiments the controller is operable to control the electrical heater to heat
exhaust in the decomposition reactor in a first mode using power from the energy storage
device in combination with power from the motor/generator driven by the engine and in a
second mode using power from the energy storage device in combination with power
from the motor/generator driven by regenerative braking.

Some exemplary embodiments include a hybrid vehicle system including an
internal combustion engine with an exhaust pathway, a motor/generator, an energy
storage device, a regenerative braking system, and an aftertreatment system with an SCR
component and an SCR thermal management system including an SCR decomposition
reactor tube having an electrical SCR heater upstream of a reductant doser. The hybrid
vehicle system includes a controller capable of determining exhaust flow from the
internal combustion engine through the exhaust pathway, determining a state of charge of

an energy storage device, determining an SCR temperature, determining a regenerative
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braking event, and operating the electrical SCR heater in an SCR heating more based
upon the exhaust flow, the state of charge of an energy storage device, the SCR
temperature, and/or the regenerative braking event.

The SCR heating mode may include a low temperature operating mode when the
SCR temperature is less than a minimum temperature threshold, a temperature
maintenance mode when the SCR temperature is greater than the minimum temperature
threshold and less than a maximum temperature threshold, and an inactive mode when
the SCR temperature is greater than the maximum temperature threshold.

The low temperature operating mode may power the electrical SCR heater with
the energy storage device when the state of charge of the energy storage device is above a
threshold, power the electrical SCR heater with the motor/generator driven by the engine
when the state of charge of the energy storage device is not above a threshold, and power
the electrical SCR heater with the motor/generator driven by regenerative braking when a
regenerative braking event is determined. The low temperature operating mode may
power the electrical SCR heater with the energy storage device and the motor/generator
driven by regenerative braking when power available from regenerative braking is less
than the power desired to power the electrical SCR heater. The low temperature
operating mode may power the electrical SCR heater with the energy storage device and
the motor/generator driven by the engine with the energy storage device is determined to
be capable of providing part but not all of the power desired to power the electrical SCR
heater.

The temperature maintenance mode may be selected in response to a power
distribution mode where the power distribution mode includes an energy storage mode
when the regenerative braking event is not detected and the state of charge is greater than
an operating state of charge threshold; an engine generation mode when the regenerative
braking event is not detected and the state of charge is less than the operating state of
charge threshold; and a regenerative braking power mode when the regenerative braking

event 1s detected.
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While the invention has been illustrated and described in detail in the drawings and
foregoing description, the same is to be considered as illustrative and not restrictive in
character, it being understood that only certain exemplary embodiments have been shown
and described and that all changes and modifications that come within the spirit of the
inventions are desired to be protected. In reading the claims, it is intended that when words

“a 2% ¢ 2% ¢

such as an,” “at least one,” or “at least one portion” are used there is no intention to
limit the claim to only one item unless specifically stated to the contrary in the claim. When
the language ““at least a portion” and/or “a portion” is used the item can include a portion

and/or the entire item unless specifically stated to the contrary.
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CLAIMS
What is claimed is:
1. A hybrid vehicle system comprising:

an engine operable to output exhaust;

an exhaust aftertreatment system configured to receive the exhaust from the
engine, the exhaust aftertreatment system including an SCR catalyst operable to reduce
NOx in the exhaust and an electrical heater operable to heat the SCR catalyst;

a motor/generator operable in a braking mode to receive torque to slow the
vehicle and output electrical power;

an energy storage device operable to output electrical power to drive the
motor/generator and receive electrical power from the motor/generator; and

a controller operable to control the electrical heater to heat the SCR catalyst using

electrical power from the motor/generator in the braking mode.

2. A hybrid vehicle system according to claim 1 wherein the controller is
operable to determine a charge condition of the energy storage device and to control the
electrical heater to heat the SCR catalyst using electrical power from energy storage

device based upon the charge condition of the energy storage device.

3. A hybrid vehicle system according to claim 2 wherein the controller is
operable to control the electrical heater to heat the SCR catalyst using electrical power
from the motor/generator in the braking mode in combination with electrical power from

energy storage device.

4. A hybrid vehicle system according to claim 1 wherein the controller is
operable to determine a charge condition of the energy storage device and to control the

electrical heater to heat the SCR catalyst using electrical power from the energy storage
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device or using electrical power from the motor/generator being driven by the engine

based upon the charge condition of the energy storage device.

5. A hybrid vehicle system according to claim 4 wherein the controller is
operable determine an energy storage device derate condition and to control the electrical
heater to heat the SCR catalyst using electrical power from the motor/generator being
driven by the engine in combination with electrical power from the energy storage device

based upon the energy storage device derate condition.

6. A hybrid vehicle system according to claim 5 wherein the energy storage

device derate condition is based upon a temperature of the energy storage device.

7. A hybrid vehicle system according to claim 1 wherein the exhaust
aftertreatment system includes a decomposition reactor and a doser operable to introduce
reductant into the decomposition reactor at a location upstream of the SCR catalyst, and
the electrical heater is operable to heat exhaust in the decomposition reactor at a location

upstream of the doser effective to heat the SCR catalyst.

8. A hybrid vehicle system according to claim 7 wherein the controller is
operable to determine a temperature condition of the SCR catalyst, determine a
temperature condition of the decomposition reactor, and to control the electrical heater
based upon the temperature condition of the SCR catalyst or the temperature condition of

the decomposition reactor.

9. A hybrid vehicle system according to claim 1 wherein the controller is
operable to determine an exhaust flow potential from the engine, determine an SCR
temperature, determine a state of charge of the energy storage device, determine a

regenerative braking event, and selectively power the electrical heater with the energy
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storage device, the motor/generator, or both based upon the exhaust flow potential, the
SCR temperature, the state of charge of the energy storage device, and the regenerative

braking event.

10. A hybrid vehicle system according to claim 9 wherein the controller is
operable to control operation of the electrical heater in a low temperature operating mode
when the SCR temperature is less than a minimum temperature threshold, in a
temperature maintenance mode when the SCR temperature is greater than the minimum
temperature threshold and less than a maximum temperature threshold, and in an inactive

mode when the SCR temperature is greater than the maximum temperature threshold.

11. A method comprising:

providing a hybrid vehicle system including an internal combustion engine, a
motor/generator, an SCR exhaust aftertreatment system including an SCR catalyst and an
electrical heater, and an energy storage device;

determining a flow of exhaust gas from the internal combustion engine;

determining an SCR temperature of the SCR aftertreatment system;

determining a state of charge of the energy storage device,

determining a regenerative braking event; and

controlling the electrical heater to heat the SCR catalyst based upon the flow of

exhaust gas, the SCR temperature, the state of charge, and the regenerative braking event.

12. The method of claim 11 wherein the controlling the electrical heater
includes operating the electrical heater in a low temperature operating mode when the
SCR temperature is less than a minimum temperature threshold; operating the electrical
heater in a temperature maintenance mode when the SCR temperature is greater than the

minimum temperature threshold and less than a maximum temperature threshold; and
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deactivating the electrical heater when the SCR temperature is greater than the maximum

temperature threshold.

13.  The method of claim 12 wherein the low temperature operating mode
powers the electrical heater in a first mode using power from the energy storage device,
in a second mode using power from the motor/generator being driven by the engine, and
in a third mode using power from both the energy storage device and the motor/generator

being driven by the engine.

14.  The method of claim 13 wherein operation in the first mode, the second
mode or the third mode is controlled based upon the state of charge of the energy storage

device and an energy storage device derate condition.

15.  The method of claim 14 wherein the energy storage device includes a
battery and the derate condition is determined based upon a temperature condition of the

battery and a remaining life condition of the battery.

16. The method of claim 11 wherein the SCR exhaust aftertreatment system
includes a decomposition reactor at a location upstream of the SCR catalyst and the
clectrical heater is operable to heat exhaust in the decomposition reactor based upon a

temperature condition of the decomposition reactor.

17. A hybrid vehicle system comprising:

an engine operable to output exhaust;

an SCR exhaust aftertreatment system including an SCR catalyst and a
decomposition reactor configured to receive exhaust from the engine and to receive
reductant;

an electrical heater operable to heat exhaust in the decomposition reactor;
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a motor/generator operable as a motor to output torque and operable as a
generator to output electrical power;

an energy storage device operable to provide electrical power to the
motor/generator and receive electrical power from the motor/generator; and

a controller operable to determine a temperature condition of the decomposition
reactor and control the electrical heater to heat exhaust in the decomposition reactor
using power from the energy storage device or power from the motor/generator based

upon the temperature condition of the decomposition reactor.

18. A system according to claim 17 wherein the motor/generator is operable in
a braking mode to receive torque to slow the vehicle and output electrical power and in a
generator mode to receive torque from the engine and output electrical power and the
controller is operable to control the electrical heater to heat exhaust in the decomposition
reactor using power from the motor/generator in the braking mode or power from the

motor/generator in the generator mode.

19. A system according to claim 17 wherein the controller is operable to
control the electrical heater to heat exhaust in the decomposition reactor using power

from the energy storage device in combination with power from the motor/generator.

20. A system according to claim 17 wherein the controller is operable to
control the electrical heater to heat exhaust in the decomposition reactor in a first mode
using power from the energy storage device in combination with power from the
motor/generator driven by the engine and in a second mode using power from the energy
storage device in combination with power from the motor/generator driven by

regenerative braking.
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