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3
on a first difference between the predicted engine output
torque determined for that possible set and the engine torque
request. The cost determined for a possible set increases as a
magnitude of the first difference increases and vice versa.
The ECM may select the one of the possible sets having the
lowest cost. In this manner, the ECM may select the one of the
possible sets that is predicted to most closely track the engine
torque request. The ECM sets the target values for controlling
the engine actuators using the target values of the selected
possible set. In various implementations, instead of or in
addition to identifying possible sets of target values and deter
mining the cost of each of the sets, the ECM may generate a
Surface representing the cost of possible sets of target values.
The ECM may then identify the possible set that has the
lowest cost based on the slope of the cost surface.
The ECM adjusts the torque capacity of the engine by
activating or deactivating cylinders of the engine and/or
adjusting the amount by which intake and exhaust valves of
the engine are lifted. In one example, the ECM switches the
torque capacity of the engine from full capacity to a reduced
capacity by deactivating half of the cylinders of the engine. In
another example, the ECM switches the torque capacity of the
engine from full capacity to a reduced capacity by adjusting
the amount by which the intake and exhaust valves are lifted
from a first amount to a second amount that is less than the
first amount.

When the ECM adjusts the torque capacity of the engine,
the relationship between the torque output of the engine and
the target values changes. For example, when the ECM
Switches operation of the engine from full capacity to the
reduced capacity, the amount of airflow per cylinder required
to achieve a given torque output may increase. Therefore, the
ECM may select the mathematical model from a plurality of
models that each corresponds to a certain torque capacity, and
the ECM may determine the predicted parameters based on
the mathematical model selected. As a result, the ECM may
adjust the target values based on the torque capacity of the
engine. For example, when the ECM switches operation of
the engine from full capacity to the reduced capacity, the
ECM may adjust the target intake and exhaust phaser angles
to increase the amount of airflow per cylinder.
There may be a lag or delay between the time when the
ECM adjusts the torque capacity of the engine to a new
capacity and the time when the actuators are adjusted to
satisfy the engine torque request at the new capacity. To
reduce this delay, the ECM generates a desired torque capac
ity of the engine at a future time, generates an anticipated
torque trajectory based on the desired torque capacity, and
adjusts the target values based on the anticipated torque tra
jectory. For example, when the ECM switches operation of
the engine from full capacity to the reduced capacity, the
ECM may adjust the anticipated torque trajectory to reflect an
anticipated torque increase.
The ECM may adjust the actuators in a manner that satis
fies both the current engine torque request and the anticipated
torque trajectory. For example, the ECM may adjust slow
actuators such as the throttle valve in response to the antici
pated torque trajectory, and adjust fast actuators such as the
intake and exhaust cam phasers to avoid overshooting the
current engine torque request. Then, when the torque capacity
of the engine is actually adjusted, the ECM may adjust the fast
actuators to satisfy the current engine torque request with
minimal delay.
To further reduce the torque response lag associated with
adjusting the torque capacity, the ECM may generate a model
torque capacity and select the mathematical model used to
determine the predicted parameters based on the model
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torque capacity. The ECM may switch the model torque
capacity to a new capacity, and therefore start adjusting the
target values based on the new capacity, before the ECM
actually Switches the torque capacity of the engine to the new
capacity.
Referring now to FIG. 1, an engine system 100 includes an
engine 102 that combusts an air/fuel mixture to produce drive
torque for a vehicle. The amount of drive torque produced by
the engine 102 is based on a driver input from a driver input
module 104. The engine 102 may be a gasoline spark ignition
internal combustion engine.
Air is drawn into an intake manifold 110 through a throttle
valve 112. For example only, the throttle valve 112 may
include a butterfly valve having a rotatable blade. An engine
control module (ECM) 114 controls a throttle actuator mod
ule 116, which regulates opening of the throttle valve 112 to
control the amount of air drawn into the intake manifold 110.
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Air from the intake manifold 110 is drawn into cylinders of
the engine 102. While the engine 102 may include multiple
cylinders, for illustration purposes a single representative
cylinder 118 is shown. For example only, the engine 102 may
include 2, 3, 4, 5, 6, 8, 10, and/or 12 cylinders. The ECM 114
may instruct a cylinder actuator module 120 to selectively
deactivate some of the cylinders, which may improve fuel
economy under certain engine operating conditions.
The engine 102 may operate using a four-stroke cycle. The
four strokes, described below, may be referred to as the intake
stroke, the compression stroke, the combustion stroke, and
the exhaust stroke. During each revolution of a crankshaft
(not shown), two of the four strokes occur within the cylinder
118. Therefore, two crankshaft revolutions are necessary for
the cylinder 118 to experience all four of the strokes.
During the intake stroke, air from the intake manifold 110
is drawn into the cylinder 118 through an intake valve 122.
The ECM 114 controls a fuel actuator module 124, which

regulates fuel injection to achieve a target air/fuel ratio. Fuel
may be injected into the intake manifold 110 at a central
location or at multiple locations, such as near the intake valve
122 of each of the cylinders. In various implementations (not
shown), fuel may be injected directly into the cylinders or into
mixing chambers associated with the cylinders. The fuel
actuator module 124 may halt injection of fuel to cylinders
that are deactivated.
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The injected fuel mixes with air and creates an air/fuel
mixture in the cylinder 118. During the compression stroke, a
piston (not shown) within the cylinder 118 compresses the
air/fuel mixture. A spark actuator module 126 energizes a
spark plug 128 in the cylinder 118 based on a signal from the
ECM 114, which ignites the air/fuel mixture. The timing of
the spark may be specified relative to the time when the piston
is at its topmost position, referred to as top dead center (TDC).
The spark actuator module 126 may be controlled by a
timing signal specifying how far before or after TDC togen
erate the spark. Because piston position is directly related to
crankshaft rotation, operation of the spark actuator module
126 may be synchronized with crankshaft angle. Generating
spark may be referred to as a firing event. The spark actuator
module 126 may have the ability to vary the timing of the
spark for each firing event. The spark actuator module 126
may vary the Spark timing for a next firing event when the
spark timing is changed between a last firing event and the
next firing event. The spark actuator module 126 may halt
provision of spark to deactivated cylinders.
During the combustion stroke, the combustion of the air/
fuel mixture drives the piston away from TDC, thereby driv
ing the crankshaft. The combustion stroke may be defined as
the time between the piston reaching TDC and the time at
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The axle torque arbitration module 204 may output the
predicted torque request 257 and the immediate torque
request 258 to a propulsion torque arbitration module 206. In
various implementations, the axle torque arbitration module
204 may output the predicted and immediate torque requests
257 and 258 to the hybrid optimization module 208.
The hybrid optimization module 208 may determine how
much torque should be produced by the engine 102 and how
much torque should be produced by the electric motor 198.
The hybrid optimization module 208 then outputs modified
predicted and immediate torque requests 259 and 260, respec
tively, to the propulsion torque arbitration module 206. In
various implementations, the hybrid optimization module
208 may be implemented in the hybrid control module 196.
The predicted and immediate torque requests received by
the propulsion torque arbitration module 206 are converted
from an axle torque domain (torque at the wheels) into a
propulsion torque domain (torque at the crankshaft). This
conversion may occur before, after, as part of, or in place of
the hybrid optimization module 208.
The propulsion torque arbitration module 206 arbitrates
between propulsion torque requests 290, including the con
Verted predicted and immediate torque requests. The propul
sion torque arbitration module 206 generates an arbitrated
predicted torque request 261 and an arbitrated immediate
torque request 262. The arbitrated torque requests 261 and
262 may be generated by selecting a winning request from
among received torque requests. Alternatively or addition
ally, the arbitrated torque requests may be generated by modi
fying one of the received requests based on another one or
more of the received torque requests.
For example, the propulsion torque requests 290 may
include torque reductions for engine over-speed protection,
torque increases for stall prevention, and torque reductions
requested by the transmission control module 194 to accom
modate gear shifts. The propulsion torque requests 290 may
also result from clutch fuel cutoff, which reduces the engine
output torque when the driver depresses the clutch pedal in a
manual transmission vehicle to prevent a flare in engine
speed.
The propulsion torque requests 290 may also include an
engine shutoffrequest, which may be initiated when a critical
fault is detected. For example only, critical faults may include
detection of vehicle theft, a stuck starter motor, electronic

throttle control problems, and unexpected torque increases.
In various implementations, when an engine shutoff request
is present, arbitration selects the engine shutoffrequest as the
winning request. When the engine shutoffrequest is present,
the propulsion torque arbitration module 206 may output Zero
as the arbitrated predicted and immediate torque requests 261
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In various implementations, an engine shutoffrequest may
simply shut down the engine 102 separately from the arbitra
tion process. The propulsion torque arbitration module 206
may still receive the engine shutoff request so that, for
example, appropriate data can be fed back to other torque
requestors. For example, all other torque requestors may be
informed that they have lost arbitration.
The reserves/loads module 220 receives the arbitrated pre
dicted and immediate torque requests 261 and 262. The
reserves/loads module 220 may adjust the arbitrated pre
dicted and immediate torque requests 261 and 262 to create a
torque reserve and/or to compensate for one or more loads.
The reserves/loads module 220 then outputs adjusted pre
dicted and immediate torque requests 263 and 264 to the
torque requesting module 224.
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For example only, a catalyst light-off process or a cold start
emissions reduction process may require retarded spark tim
ing. The reserves/loads module 220 may therefore increase
the adjusted predicted torque request 263 above the adjusted
immediate torque request 264 to create retarded spark for the
cold start emissions reduction process. In another example,
the air/fuel ratio of the engine and/or the mass airflow may be
directly varied, such as by diagnostic intrusive equivalence
ratio testing and/or new engine purging. Before beginning
these processes, a torque reserve may be created or increased
to quickly offset decreases in engine output torque that result
from leaning the air/fuel mixture during these processes.
The reserves/loads module 220 may also create or increase
a torque reserve in anticipation of a future load. Such as power
steering pump operation or engagement of an air conditioning
(A/C) compressor clutch. The reserve for engagement of the
A/C compressor clutch may be created when the driver first
requests air conditioning. The reserves/loads module 220
may increase the adjusted predicted torque request 263 while
leaving the adjusted immediate torque request 264
unchanged to produce the torque reserve. Then, when the A/C
compressor clutch engages, the reserves/loads module 220
may increase the adjusted immediate torque request 264 by
the estimated load of the A/C compressor clutch.
The torque requesting module 224 receives the adjusted
predicted and immediate torque requests 263 and 264. The
torque requesting module 224 determines how the adjusted
predicted and immediate torque requests 263 and 264 will be
achieved. The torque requesting module 224 may be engine
type specific. For example, the torque requesting module 224
may be implemented differently or use different control
Schemes for spark-ignition engines versus compression-igni
tion engines.
In various implementations, the torque requesting module
224 may define a boundary between modules that are com
mon across all engine types and modules that are engine type
specific. For example, engine types may include spark-igni
tion and compression-ignition. Modules prior to the torque
requesting module 224. Such as the propulsion torque arbi
tration module 206, may be common across engine types,
while the torque requesting module 224 and Subsequent mod
ules may be engine type specific.
The torque requesting module 224 determines an air torque
request 265 based on the adjusted predicted and immediate
torque requests 263 and 264. The air torque request 265 may
be a brake torque. Brake torque may refer to torque at the
crankshaft under the current operating conditions.
Target values for airflow controlling engine actuators are
determined based on the air torque request 265. More specifi
cally, based on the air torque request 265, the air control
module 228 determines a target wastegate opening area 266,
a target throttle opening area 267, a target EGR opening area
268, a target intake cam phaserangle 269, anda target exhaust
camphaser angle 270. The air control module 228 determines
the target wastegate opening area 266, the target throttle
opening area 267, the target EGR opening area 268, the target
intake cam phaser angle 269, and the target exhaust cam
phaser angle 270 using model predictive control, as discussed
further below.
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The boost actuator module 164 controls the wastegate 162
to achieve the target wastegate opening area 266. For
example, a first conversion module 272 may convert the target
wastegate opening area 266 into a target duty cycle 274 to be
applied to the wastegate 162, and the boost actuator module
164 may apply a signal to the wastegate 162 based on the
target duty cycle 274. In various implementations, the first
conversion module 272 may convert the target wastegate
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Selecting the second set when the second cost is less than
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the first cost.

18. The method of claim 15 further comprising:
Switching a model torque capacity to the one of the first
torque capacity and the second torque capacity after
Switching the desired torque capacity to the one of the
first torque capacity and the second torque capacity and
before Switching the target torque capacity to the one of
the first torque capacity and the second torque capacity;
and

Selecting the model of the engine from a plurality of models
based on the model torque capacity.
19. The method of claim 18 further comprising:
generating reference values based on the model torque
capacity; and
determining the first cost and the second cost further based
on the reference values.

20. The method of claim 18 further comprising:
generating air and exhaust setpoints for the engine based on
the present torque request, the anticipated torque
request, and the model torque capacity; and
determining the first cost and the second cost based on the
setpoints.
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