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USING SKIP FIRE WITH POWER TAKE-OFF

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Application No. 16/926,174, filed July 10,

2020, which is incorporated by reference herein for all purposes.
FIELD
[0002] The present disclosure relates generally to the control of engines used to drive power
take-off units. More particularly, methods and engine controllers are described that facilitate
implementing skip fire engine control in conjunction with the use of power take-off units.
BACKGROUND

[0003] There are a number of utility trucks, tractors and other vehicles that have a working

implement that draws power from an internal combustion engine that drives the vehicle through
a mechanical connection to the engine. Examples include vehicles having a mechanical service
arm (e.g., backhoes, excavators, bucket trucks, etc.); concrete mixers; stump grinders; dump
trucks; forklifts; tow trucks; garbage trucks (e.g., a garbage truck compactor); various
agriculture equipment used with tractors, and many others. The mechanisms that take power
from the engine and transmit such power to the working implement are often referred to as
power take-off (PTO) devices. Working implements that receive power from a power take-off
device may be referred to as power take-off implements.

[0004] Many of the implements that utilize power take-off operate primarily while the host
vehicle is stopped or moving slowly such that little or no engine power is required by the
vehicle’s traction wheels. In such situations the engine may run at idle for extended periods
while the implement is not in active use. The fuel economy and/or pollutant emissions
characteristics of many engines is quite poor when running at idle and other low load operations.
As such, there are continuing efforts to improve the fuel economy and/or emissions
characteristics of engines used to drive power take-off implements.

SUMMARY

[0005] A variety of engine controllers and engine control schemes are described that
facilitate skip fire operation of engines having a power take-off unit operatively connected
thereto. In one aspect, methods and controllers are described that control exiting a skip fire with
cylinder deactivation operational mode. In some embodiments, an action indicative of an
engagement or a likely engagement of the power take-off unit is detected while the engine idling
or delivering a torque less than a designated threshold torque with the power take-off unit

disengaged from the engine. A determination is also made as to whether a current torque
1
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request exceeds a PTO skip fire torque threshold. The engine exits the skip fire operational
mode when the power take-off unit is engaged and the current torque request exceeds the PTO
skip fire threshold. When the current torque request does not exceed the PTO skip fire torque
threshold, continued skip fire operation may be continued, although it may be necessary or
appropriate to transition to a different operational firing fraction suitable for delivering the
requested torque with the PTO unit engaged.

[0006] In some embodiments, the engine transitions to an all cylinder firing operational
mode from the skip fire operational mode. A variety of trigger actions can be used to indicate
the engagement or likely engagement of the power take-off unit. By way of example, suitable
triggers may include: engagement of a clutch associated with the power take-off unit; movement
of a control stick associated with the power take-off unit; actuation of a throttle or power control
actuator associated with the power take-off unit; etc..

[0007] In some embodiments, exiting the skip fire operational mode is delayed when the
temperature of an exhaust gas after treatment system is below a designated temperature
threshold. In some embodiments, when it is determined that an exhaust gases pollutant
emissions level is above a designated emissions level, the skip fire operational mode is exited
regardless of whether the current torque request exceeds the PTO skip fire torque threshold. In
some embodiments, the monitored exhaust gases pollutant is or includes NO.

[0008] In another aspect, an engine operating in an all cylinder operating mode is
transitioned to a skip fire with cylinder deactivation operating mode when it is determined that
the power take-off unit is no longer engaged with the engine. In some such embodiments,
exiting the all cylinder operating mode is conditioned on determinations that both (a) the power
take-off unit is no longer engaged with the engine, and (b) a current torque request is less than a
PTO skip fire torque threshold. In some embodiments, the transition is made immediately,
whereas in others the transition only occurs when the power take-off unit is not reengaged for a
designated period of time.

[0009] In some embodiments, the transition to the skip fire operational mode is further
conditioned on determining that the power take-off unit is likely to remain disengaged for the
period of time. A number of event or conditions may be detected to suggest that the power take-
off unit is likely to remain disengaged for a period of time. For example, suitable triggers may
include: a determination that an operator seat is empty; a determination that a component
associated with the power take-off unit has not moved for a period of time; a determination that

the power take-off unit is in a home position; etc.
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[0010] In some embodiments an exhaust gases pollutant emissions level must be below a
designated emissions level to enter the skip fire operational mode. In some embodiments the
engine transitions to the skip fire operational mode when the temperature of an exhaust gas after
treatment system is below a designated temperature threshold.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The invention and the advantages thereof, may best be understood by reference to the

following description taken in conjunction with the accompanying drawings in which:
[0012] FIG. 1 is a diagrammatic illustration of a vehicle having a power take-off implement.
[0013] FIG. 2A is a diagrammatic block diagram of an engine controller suitable for
directing skip fire engine operation in conjunction with a power take-off operations.
[0014] FIG. 2B is a diagrammatic block diagram of skip fire controller suitable for use in the
embodiment shown in Fig. 2A.
[0015] FIG. 3 is a flow chart illustrating a method of exiting skip fire engine operation in
conjunction with the use of a power take-off implement.
[0016] FIG. 4 is a flow chart illustrating a method of transitioning to skip fire engine
operation in conjunction with the use of a power take-off implement.
[0017] In the drawings, like reference numerals are sometimes used to designate like
structural elements. It should also be appreciated that the depictions in the figures are
diagrammatic and not to scale.

DETAILED DESCRIPTION

[0018] The fuel efficiency of many types of internal combustion engines can be improved by

varying the displacement of the engine. This allows for the full torque to be available when
required, yet can significantly reduce pumping losses and improve thermodynamic efficiency
through the use of a smaller displacement when full torque is not required. The most common
method of varying the displacement of an engine involves deactivating a group of cylinders
substantially simultaneously. In this approach, no fuel is delivered to the deactivated cylinders
and their associated intake and exhaust valves are kept closed (and the cylinders remain
deactive) as long as the engine remains in the same variable displacement state.

[0019] Another engine control approach that varies the effective displacement of an engine
is referred to as “skip fire” engine control. In general, skip fire engine control contemplates
selectively skipping the firing of certain cylinders during selected firing opportunities. Skip fire
engine operation is distinguished from conventional variable displacement engine control in

which a designated set of cylinders are deactivated substantially simultaneously and remain
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deactivated as long as the engine remains in the same variable displacement mode. Thus, the
sequence of specific cylinders firings will always be exactly the same for each engine cycle
during operation in a variable displacement mode (so long as the engine remains in the same
displacement mode), whereas that is often not the case during skip fire operation.

[0020] In general, skip fire engine operation facilitates finer control of the effective engine
displacement than is possible using a conventional variable displacement approach. For
example, firing every third cylinder in an 8 cylinder engine would provide an effective
displacement of 1/3" of the full engine displacement, which is a fractional displacement that is
not obtainable by simply deactivating a set of cylinders. Conceptually, virtually any effective
displacement can be obtained using skip fire control, although in practice most implementations
restrict operation to a set of available firing fractions, sequences or patterns.

[0021] Applicant Tula Technology, has developed a technology referred to as dynamic skip
fire in which firing decisions are made on a cylinder firing opportunity by cylinder firing
opportunity basis. In many applications, a single firing decision is made at a time. In other
implementations, firing decisions for small sets of cylinders may be made at the same time (e.g.,
on an engine cycle by engine cycle basis where the firing decisions for all of the cylinders in a
particular engine cycle are made at substantially the same time). Various aspects of dynamic
skip fire are described in a number of patents including U.S. Patent Nos. 7,954,474, 7,886,715,
7,849,835, 7,577,511, 8,099,224, 8,131,445, 8,131,447, 8,616,181, §,701,628, 9,086,020
9,328,672, 9,387,849, 9,399,964, 9,512,794, 9,745,905, and others, each of which is
incorporated herein by reference. The present application describes additional engine control
features and enhancements that can further improve engine performance in a variety of
applications.

[0022] Skip fire engine operation can also be used to help manage vehicle emissions and/or
help manage the temperature of exhaust after treatment systems. Both spark ignition and
compression ignition engines generally require one or more after treatment elements to limit
emission of undesirable pollutants that are combustion byproducts. Catalytic converters and
particulate filters are two common after treatment elements. Modern spark ignition engines
typically use a three-way catalyst that both oxidizes unburned hydrocarbons and carbon
monoxide and reduces nitrous oxides (NOy). Three-way catalysts require that on average, the
engine combustions be at or near a stoichiometric air/fuel ratio, so that both oxidation and
reduction reactions can occur in the catalytic converter. Since compression ignition engines

generally run lean, they cannot rely solely on a conventional 3-way catalyst to meet emissions
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regulations. Instead they use other types of after treatment devices to reduce noxious emissions.
These after treatment devices may use a catalyst such as a Diesel Oxidizing Catalyst (DOC),
selective catalyst reduction (SCR), NOy traps and/or particulate filters to reduce nitrous oxides
to molecular nitrogen and capture particulate emissions.

[0023] Most current exhaust gas after treatment systems work best when maintained in a
designated operating temperature range. The specific operating temperature ranges that are
appropriate vary based on the specific after treatment technology used but often tend to be in the
temperature range of about 200° C to 400° C. When an engine is idling or otherwise operating
at a low power output, the exhaust gas temperature is typically lower which in turn tends to
lower the temperature of the after treatment system. When an engine idles for an extended
period, the temperature of the after treatment system can drop below the system’s preferred
operating temperature range which can lead to the emission of undesirable pollutants. This
tends to be a particular problem in diesel and other compression ignition engines where the air
charge introduced into the cylinders during each cylinder working cycle remains high regardless
of the desired engine output resulting in excess air passing through the engine.

[0024] The temperature of the exhaust gases can be increased without sacrificing fuel
economy by operating the engine in a skip fire mode at idle and other low torque outputs with
the corresponding cylinders being deactivated during skipped working cycles such that air is not
pumped through the cylinders during skipped working cycles. One factor influencing the
exhaust temperature increase is that the load on each fired cylinder working cycle will typically
increase. Increased load means that more fuel is injected per fired working cycle which results
in higher operating temperatures within the cylinders and correspondingly higher exhaust gas
temperatures. Another factor particularly relevant to diesel and other compression ignition
engines is that less air is pumped through the engine which again results in a corresponding
increase in exhaust gas temperatures. In general, the hotter exhaust gas temperatures can be
used to help maintain the temperature of the after treatment systems in its preferred operating
range. Skip fire operation can help warm the after treatment system in a variety of other
circumstance as well, including following a cold start and other appropriate circumstances.
Various skip fire engine controllers and skip fire control schemes suitable for maintaining or
quickly attaining a desired exhaust gas after treatment system operating temperature are
described in U.S. Patent Nos. 10,247,072; 10,494,971, and pending U.S. Patent Application
Serial Nos. 16/576,972 and 63/029,042, each of which is incorporated herein by reference.

Other techniques for managing emission during skip fire operation of an engine are described in
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U.S. Patent App Nos. 63/020,766 and 16/021,532, both of which are also incorporated herein by
reference. Skip fire operation can also be useful in increasing exhaust gas temperatures to the
higher temperatures needed for regeneration of particle filters. Some such approaches are also
described in the incorporated U.S. Patent No. 10,494,971.

[0025] As pointed out in the background, many utility vehicles that incorporate power take-
off implements are often operated for extended periods at idle or other low torque output levels
in association with the use of the power take-off implements. Such operation tends to have poor
fuel efficiency and emission characteristics and therefore can potentially benefit from skip fire
engine operation. However, power take-off devices, and particularly high load power take-off
devices, present unique challenges to the implementation of skip fire control. The present
disclosure addresses a number of those challenges.

[0026] Some of the challenges associated with power take-off units revolve around
determining when and when not to utilize skip fire engine operation in conjunction with the use
of power take-off implements.

[0027] The control systems associated with power take-off devices vary widely. One
suitable architecture is illustrated in Fig. 1. In the illustrated embodiment, an engine controller
10 controls engine 11, while a power PTO controller 15 controls power take-off device 17 and
power take-off implement 18. In many implementations the power take-off device 17 is part of
the power take-off implement 18 (collectively referred to as a power take-off unit) but they are
labeled separately here to emphasize the different functionalities.

[0028] A suitable engine controller design is illustrated in Fig. 2A. The engine controller 10
includes a torque calculator 20, an operating mode determining unit 22, a skip fire controller 26
and an all cylinder operation controller 28. In some implementations, the skip fire controller 26
and all cylinder operation controller 28 are integrated, but they are shown separately in the
drawing to emphasize the different operating modes. The skip fire controller 26 may take a
variety of different forms and several suitable skip fire controllers are described in some of the
incorporated patents and patent applications. More details of one suitable skip fire engine
controller are shown in Fig. 2B.

[0029] The skip fire controller 26 illustrated in Fig. 2B includes a firing density determining
unit 30, a transition adjustment unit 40, a firing timing determination unit 50, a power train
parameter adjusting module 60 and a firing controller 70. For the purposes of illustration, the
described components are all shown as integral components of an engine control unit (ECU) 10

that is also capable of directing engine operation in a conventional, all cylinder operation
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manner. However, it should be appreciated that in other embodiments the functionalities of some
or all of the identified components may be separated into separate controllers.

[0030] The torque calculator 20 is arranged to determine the desired engine torque at any
given time based on a number of inputs. The torque calculator outputs a requested torque 21 to
the firing density determining unit 30. The firing density determining unit 30 is arranged to
determine a firing density that is suitable for delivering the desired torque based on the current
operating conditions and outputs an indication of a firing density that is appropriate for
delivering the desired torque. The firing timing determining unit 50 is responsible for
determining making actual cylinder firing decisions. That is, it determines whether specific
cylinder working cycles will be skipped or fired, and when fired, at what level the firing should
be at when multi-level firings are supported (e.g., high/low; high/medium/low, etc.). As such,
the firing timing determining unit 50 outputs a series of firing decisions 52 that define a firing
sequence that delivers the desired firing density. The firing decisions 52 are passed to firing
controller 70 which implements the firing commands.

[0031] The torque calculator 20 receives a number of inputs that may influence or dictate the
desired engine torque at any time. In power takeoff (PTO) applications, one of the primary
inputs to the torque calculator is the torque demand for the traction wheels and a second one of
the primary inputs is the torque demand for the PTO implement 18 (Fig. 1). For vehicles that
utilized an accelerator pedal to provide the torque request for the traction wheel torque request,
an accelerator pedal position (APP) signal 24 (Fig.2A) may be supplied to the torque calculator.
The PTO torque request 25 may come from the PTO controller 15, from a user input device that
controls the torque request, or from any other suitable source. If the engine drives other devices,
appropriate requests may come from such devices as well. In some embodiments, other
controllers that may need to influence the engine’s output such as a transmission controller may
provide appropriate inputs as well (e.g., AT command 27). There are also a number of factors
such as engine speed that may influence the torque calculation. When such factors are utilized in
the torque calculations, the appropriate inputs, such as engine speed (RPM signal 29) are also
provided or are obtainable by the torque calculator as necessary.

[0032] Further, in some embodiments, it may be desirable to account for energy/torque
losses in the drive train and/or the energy/torque required to drive engine accessories, such as the
air conditioner, alternators/generator, power steering pump, water pumps, vacuum pumps and/or

any combination of these and other components. In such embodiments, the torque calculator
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may be arranged to either calculate such values or to receive an indication of the associated
losses so that they can be appropriately considered during the desired torque calculation.

[0033] The firing density determining unit 30 in Fig. 2B receives requested torque signal 21
from the torque calculator 20 and other inputs such as engine speed and various power train
operating parameters and/or environmental conditions. The firing density determining unit 30 is
arranged to select the desired operational firing density to deliver the requested torque based on
current condition and various factors that the controller designer considers important. Often
these selections are based heavily on factors such as fuel economy, emissions control and NVH
considerations.

[0034] In some implementations, it is desirable to constrain the engine to operate at one of a
fixed set of firing fractions. For example, a skip fire engine controller that permits the use of
any firing fraction between zero (0) and one (1) having an integer denominator of five (5) or less
would have a total of 11 possible unique firing fractions. These would include: 0, 1/5, %4, 1/3,
2/5, %, 3/5,2/3, %, 4/5 and 1).

[0035] Since the available set of firing densities is limited, various power train operating
parameters such as fuel charge will typically need to be varied to ensure that the actual engine
output matches the desired output. In spark ignition engines, mass air charge (MAC) and/or
spark timing are other variables that may be controlled.

[0036] In the illustrated embodiment, a power train parameter adjusting module 60 is
provided that cooperates with the firing density determining unit 30. The power train parameter
adjusting module 60 directs the firing controller 70 to set selected power train parameters
appropriately to ensure that the actual engine output substantially equals the requested engine
output at the commanded effective firing density. By way of example, the power train parameter
adjusting module 60 may be responsible for determining the desired fuel charge, MAC, spark
timing, cam settings and/or other engine settings that are desirable to help ensure that the actual
engine output matches the requested engine output. Although the powertrain parameter adjusting
module 60 is illustrated as a separate component, it is often implemented as a part of firing
controller 70. Of course, in other embodiments, the power train parameter adjusting module 60
may be arranged to directly control various engine settings. In diesel and other compression
engines that don’t utilize sparks or vary the cam timing, the functions of the parameter adjusting
module 60 may be simplified.

[0037] The firing timing determining module 50 is arranged to issue a sequence of firing

commands 52 that cause the engine to deliver the percentage of firings dictated by commanded
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firing fraction 48. The firing sequence can be determined using any suitable approach. In some
preferred implementations, the firing decisions are made dynamically on an individual firing
opportunity by firing opportunity basis which allows desired changes to be implemented very
quickly. Applicant Tula Technology has previously described a variety of skip fire firing timing
determining units that are well suited for determining appropriate firing sequence based on
potentially time varying requested firing density or engine outputs. Many such firing timing
determining units are based on sigma delta conversion which is well suited for making firing
decisions on a firing opportunity by firing opportunity basis.

[0038] The firing timing determination unit 50 outputs sequence of firing commands 52 that
indicate whether specific cylinder working cycles are to be fired or skipped. The firing
commands are passed to firing controller 70 or another module such as a combustion controller
(not shown in FIG. 2B) which orchestrates the actual firings. A significant advantage of using a
sigma delta converter or an analogous structure is that it inherently includes an accumulator
function that tracks the portion of firing that have been requested but not yet delivered. Such an
arrangement helps smooth transitions by accounting for the effects of previous fire/no fire
decisions.

[0039] Abrupt transitions between firing densities can lead to undesirable torque surges or
dips, i.e. undesirable NVH. Therefore, in the embodiment illustrated in FIG. 2B, transition
adjustment unit 40 is arranged to help mitigate vibrations and torque surges/dips associated with
step changes in the requested firing density. When a step change in requested firing fraction
occurs, the transition adjustment unit 40 has the effect of spreading the change in firing density
over a short period. This "spreading” can help smooth transitions between different commanded
firing densities and can help compensate for various delays associated with manifold filling.
These may include mechanical delays in the changing of the engine parameters and/or inertial
type manifold filling/emptying delays. In general, the transition adjustment unit receives
requested firing fraction 33 and outputs commanded firing fraction 48. When the requested
firing fraction is at steady state, the commanded firing fraction 48 is the same as the requested
firing fraction 33. However, when a transition occurs, the effective firing density may be
ramped from the previous requested firing density to the target firing density.

[0040] If the nature of the transition is such that the transition adjustment unit imposed
delays are acceptable, smoother operation can be obtained by using such an arrangement.
Howeyver, if the nature of the transition is such that a quicker response is desired (as for example,

when the driver stomps on the accelerator pedal or during transmission shifts), it may be
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desirable to bypass or modify the settings of the transition adjustment unit 40 to provide a
quicker response. Therefore, some implementations incorporate separate "fast path" 35 and
"slow path" approaches for managing firing density change requests. In such applications, the
slewing function of the transition adjustment unit 40 can effectively be bypassed for "fast path"
responses and used in "slow path" changes. More generally, the transition adjustment unit 40
characteristics may vary depending on inputs governing the desired transition, e.g. the desired
firing fraction slew rate may vary with the rate of change and/or magnitude of change of the
accelerator pedal position.

[0041] In the embodiment illustrated in Fig. 2A, the operating mode determining unit 22 is
responsible for determining whether the engine should operate in a skip fire operational mode or
an all cylinder operating mode. In some implementations, all cylinder operation can be enforced
by instructing the firing fraction determining unit to output a firing fraction of “1” — which
corresponds to all cylinder operation.

[0042] Referring next to Fig. 3, a method of exiting skip fire engine operation in conjunction
with the use of a power take-off unit in conjunction with one embodiment will be described.
The method begins with the engine operating in a skip-fire operational mode without the power
take-off unit engaged. Block 300. Preferably the cylinders are deactivated during skipped
working cycles so that air is not pumped through the corresponding cylinder(s) during the
skipped working cycles. The engine controller continually monitors the PTO unit for
engagement. Block 304. Engagement of the PTO unit can be directly or indirectly detected in a
variety of manners. For example, in some implementations engagement is determined by
detecting actuation of a component associated with use of the power take-off implement. One
such example is the engagement or actuation of a switch or clutch associated with power take-
off. In the case of a clutch, the clutch engagement may be detected by monitoring movement or
depression of a clutch pedal, the actuation of a push button used to actuate the clutch, by
detecting movement of the clutch itself or in other suitable ways. In other embodiments,
engagement of the PTO unit may be detected by detecting movement of a control stick or other
control actuator used to control movement of the PTO implement. In still other embodiments,
engagement of the PTO unit can be determined based on actuation of a throttle. Of course any
other conventional or suitable mechanism can be used to detect activation or engagement of the
PTO unit in other embodiments.

[0043] When the PTO unit is engaged, the control logic checks whether the engine’s torque
request exceeds a designated PTO skip fire torque threshold. Block 308. If so, the engine exits
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the skip fire operational mode as represented by Block 312. Most often, the engine would
transition to an all cylinder operating mode. However, in other embodiments, the engine can
transition to any other operational mode that is suitable for delivering the requested torque.
[0044] In some implementations, the skip fire torque threshold may be a relatively low
torque threshold associated with engine idle so that the engine is configured to transition out of a
skip fire operational mode to an all cylinder mode any time the engine transitions out of idle. In
such engines, the torque request threshold may be replaced with other suitable checks that can be
used to identify transitions away for idle. Although exiting skip fire operation when
transitioning out of idle is a possibility, it should be appreciated that the engine may be perfectly
capable of delivering the torque required by the power take-off device using skip fire operation.
Thus, the torque threshold used as a trigger for exiting skip fire operation may be set at any level
deemed appropriate for applications involving power take-off by the controller’s designers. In
many applications, the torque request threshold will be based on the engine’s overall torque
request which might involve traction torque requests in addition to PTO torque requests.
However, in other applications, the torque request threshold used to trigger a skip fire exit may
be based on torque requested by the PTO unit(s) alone.

[0045] When the torque request engine’s torque request is below the skip fire torque
threshold with the PTO implement engaged, the firing density determining unit 30 determines
that operational firing fraction appropriate for delivering the desired requested torque based on
current operating conditions (e.g., engine speed, etc.) as described in several of the incorporated
patents. In many circumstances, engagement of the PTO implement will increase the requested
torque and it may be necessary or appropriate to transition to a new operational firing fraction
suitable for delivering the requested torque. As the load changes during operation of the PTO
implement, the firing fraction directed by firing density determining unit (and implemented by
the skip fire controller 26) may change as appropriate to deliver the desired operational torque.
If/when the requested torque exceeds the skip fire torque threshold (step 308), the engine
transitions to the all cylinder operating mode as previously described.

[0046] A good example of when continued skip fire operation may be desired is in “light-
load” PTO modes of operation. For example, when the PTO shaft is simply driving a hydraulic
pump, the increased load may be relatively small and it may be desirable to remain in the skip
fire operational mode, although a different firing fraction may be appropriate as a result of the

increased engine load.
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[0047] In some embodiments other factors can optionally be required or otherwise used in
conjunction with making a decision whether to exit a skip fire operational mode. Some such
decisions may be made based on emissions control considerations. A couple examples of these
additional considerations are diagrammatically represented by optional exhaust gas after
treatment decision block 320 and NOy emission decision block 325.

[0048] As described above, when the temperature of an exhaust gas after treatment system is
low, it can be desirable to operate the engine in a skip fire operational mode to help warm the
after treatment system and/or maintain a desired operational temperature. This is particularly
useful in diesel engines which are most commonly used in vehicles having or used in
conjunction with power take-off implements. When engagement of the PTO unit is detected,
the controller may check (or estimate) the temperature of the after treatment system. In some
embodiments, the engine controller may prevent the engine from transitioning out of the skip
fire operational mode when the after treatment system is below a designated after treatment (AT)
temperature threshold and will continue blocking the transition until the AT temperature reaches
the designated AT temperature threshold. This flow is represented by “no” arrow 321
emanating from block 320 in Fig. 3. In other embodiments or instances, the engine controller
may set a higher or simply different torque request threshold based on the after treatment system
temperature as represented by ‘“no” arrow 322 emanating from block 320. In some
implementations, the control logic may be relatively straight forward in that a single higher
torque request threshold is used any time the AT temperature is below the AT temperature
threshold. In others, a more complex scheme may be used in which the torque request threshold
varies as a function of the after treatment system temperature. Factoring the after treatment
system temperature into the decision of when to transition out of a skip fire operational mode in
an engine driving a PTO device can help improve the emissions characteristics of the engine in a
generally fuel efficient manner.

[0049] Another check may be based on other emissions related factors. NOy emission
decision block 325 is a good example of such a check. Higher levels of NOy are generated when
combustion temperatures get too high. As previously mentioned, combustion temperatures will
generally be higher during skip fire operation of an engine than during all cylinder operation at
the same overall engine output since the cylinder load per fired cylinder working cycle will be
higher. Some engines have NOy sensors that have the ability to detect the level of NOy in the
exhaust stream. Alternatively, the engine controller may incorporate algorithms designed to

estimate NOy generation. Regardless, if the NOy get too high while the engine is in the skip fire
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operational mode with the PTO device engaged, it may be desirable to immediately transition
out the skip fire operational mode. This can be accomplished by comparing the determined NOy
level to a skip fire NOy threshold as represented by decision block 325. If/when the NOy
emission exceed the NOy threshold, the engine may immediately transition out of skip fire mode
to all cylinder operation as represented by “yes” arrow 326. Transitioning to all cylinder
operation is expected to lower the engine’s operating temperature, and thus lower the level of
NO, emissions in such circumstances.

[0050] In some applications other factors may be used in determining when to transition out
of a skip fire operational mode. For example, when the cement mixer of a cement mixer truck is
empty, it may be desirable to operate the engine in a skip fire operational mode in more settings
than when the mixer is full. In some such embodiments, the torque request threshold may vary
based on the fill state status of the mixer. The fill state of the cement mixer can be estimated
fairly based on the gross vehicle weight of the truck.

[0051] Although only a few specific examples have been provided, it should be appreciated
that there are a number of other factors, checks and triggers that may be used in conjunction with
or in parallel with the torque request check 308. Some such factors, checks and/or triggers may
be emissions related, others may be NVH related and still others may be thermal management
related. In some cases, the parallel checks may be arranged to prevent the engine from exiting
the skip fire operational mode while the PTO unit is engaged when it may have otherwise exited
that mode based on requested torque alone. In other circumstances, the parallel check may
cause the requested torque threshold to change. In still others, the parallel check may provide an
alternate trigger for exiting the skip fire operational mode. Of course a variety of other factor
weighting logic may be employed when desired.

[0052] Referring next to Fig. 4, a method for transitioning to skip fire operation in
connection with disengagement of a PTO unit will be described. The described flow starts with
the engine operating in a full displacement (all cylinders) operating mode with a power take-off
unit engaged. Block 400. In step 403, the controller monitors the PTO device/implement for
disengagement of the PTO unit. As long as the PTO unit remains engaged, the engine remains
in the full displacement operating mode as represented by arrow 404. The disengagement of the
PTO unit can be detected in a wide variety of ways generally complementary to the engagement
detection schemes discussed above. For example, is some implementations, disengagement of
the PTO unit may be detected by detecting when an operator releases a throttle or button

associated with operating the PTO implement. In other embodiments, disengagement of the
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PTO unit disengagement can be detected by determining that the operator is no longer moving
the implement (e.g., the operator stops moving the bucket of a utility truck, etc.). Of course,
disengagement of the PTO unit can be determined in a wide variety of other manners as well.
[0053] When it is determined that the PTO unit has been disengaged, the current engine
torque request is compared to a predetermined skip fire operation torque threshold. Step 408. If
the requested torque is above the threshold, the engine is kept in the full displacement operating
mode as represented by arrow 409. Alternatively, when the PTO unit is disengaged and the
requested engine torque is below threshold is below the skip fire operation torque threshold, the
engine transitions to a skip fire operation mode as represented by block 420. In some
embodiments a time delay is imposed before transitioning to the skip fire operational mode as
represented by delay block 416. In some use scenarios, there is a good chance that an operator
may reengage the PTO unit shortly after disengagement. An advantage of imposing the time
delay before transitioning to the skip fire operational mode is that it reduces the probability that
the engine controller will need to revert to full displacement operation shortly after transitioning
to the skip fire operational mode due to reengagement of the PTO unit and/or helps avoid
frequent transitions back and forth between operating modes. The length of the time delay may
vary widely based on the nature of normal use of the PTO implement. For example, in some
embodiments, the time delay may be on the order of a few, to many seconds (e.g., 2 to 100
seconds), while in others, the time delay may be on the order of minutes (e.g., 1-5 minutes). Of
course longer or shorter delays may be used in particular applications.

[0054] It should be appreciated that a number of PTO implements may have fairly wide
fluctuations in the torque requests in relatively short periods during normal operation. A
example that can readily be envisioned is a stump grinder in which the required torque varies
based on how hard the operator presses down on the tool as it works, which for some operators
tends to oscillate. Preferably the torque threshold used in check 408 and the latency applied in
step 416 are selected to minimize the probability that the PTO unit will cyclically switch back
and forth between skip fire and non skip fire operating modes during normal operation of the
PTO implement.

[0055] In some alternative embodiments, the engine transitions directly to the skip fire
operational mode when disengagement of the PTO unit is detected. That is, the torque threshold
check 408 is eliminated and the transition is made regardless of the requested engine torque.
This is practical in many PTO implementations because it may be impractical for the engine to

have a torque request that can’t be met by skip fire operation of the engine immediately after
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disengagement of the PTO unit. In still other embodiments, the transition to skip fire operation
may be delayed (step 416) as discussed above when the torque threshold check 408 is
eliminated.

[0056] In some embodiments, the detection of disengagement of the PTO unit may further
require something that suggests that the PTO unit will remain disengaged for a period of time.
The time delay before transition of step 416 is one such approach. There are a variety of other
checks that can be made to infer whether the PTO unit is likely to be disengaged for a period of
time. One such check is seat detection. Many vehicles having PTO implements have a seat that
the operator sits in while operating the PTO implement. If the operator has vacated the
operating seat, it can be inferred that the PTO unit is unlikely to be used for a period of time and
thus the engine may transition to the skip fire operational mode (e.g., directly or in conjunction
with torque request check 408). An appropriate detector can be used to determine when the
operator has vacated the operating seat.

[0057] Other checks can be based on the position, state or movement of the PTO accessory.
For example, if a utility truck bucket arm is deployed vertically and/or has been recently moved,
it may be inferred that the bucket arm is still in use. In some embodiments, it may be desirable
maintain full displacement operation in such circumstances. Such situations can be treated as if
the PTO unit remains engaged. In contrast, if the PTO implement is in a home position, it might
be inferred that the PTO implement is likely to remain disengaged for a period of time.

[0058] In another example, some PTQO vehicles have a cab that can rotate relative to a base
unit. In such cases, rotational movement of the cab may infer that the operator is likely to
continue using the PTO implement. As such, when desired, the controller can be configured to
maintain full displacement operation when rotation of the cab is detected. Similarly, some PTO
vehicles may be considered likely to use the PTO implement any time the vehicle is in motion.
In such vehicles, it may be desirable to maintain full displacement operation when the vehicle is
in motion.

[0059] Alternatively, some PTO vehicles are unlikely to utilize the PTO implement when
moving. For example, some PTO implements are not designed to be utilized while the vehicle
(traction wheels) is/are in motion. In such circumstances transition to the skip fire mode may be
appropriate at different torque request levels than when the PTO implement is actively being
used.

[0060] In still other circumstances it may be desirable to trigger entry into the skip fire

operational mode even when the skip fire torque request threshold is exceeded. A good example
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of that type of situation is if/when the temperature of the exhaust gas after treatment system
drops below a desired temperature as discussed earlier.

[0061] Of course, there are a variety of other circumstances which the developer of the
engine control law may deem appropriate to be check to prevent transitions to a skip fire
operational mode, or to trigger entry into the skip fire operational mode.

[0062] Although only a few embodiments of the invention have been described in detail, it
should be appreciated that the invention may be implemented in many other forms without
departing from the spirit or scope of the invention. In the various illustrated embodiments, a
number of the components are diagrammatically illustrated as independent functional blocks.
Although independent components may be used for each functional block in actual
implementations, it should be appreciated that the functionality of the various blocks may
readily be integrated together in any number of combinations. The functionality of the various
functional blocks may be accomplished algorithmically as programmed instructions executing
on a processor, in analog or digital logic, using lookup tables or in any other suitable manner.
[0063] Although only a few triggers, checks and exit decision factors are described in
relation to entering or exiting a skip fire operational mode in conjunction with the use of a PTO
implement, it should be appreciated that a variety of other triggers, checks and exit decision
factors may be used in addition to and/or in place of some of the described triggers, checks and
decision factors in other embodiments. Therefore, the present embodiments should be
considered illustrative and not restrictive and the invention is not to be limited to the details

given herein, but may be modified within the scope and equivalents of the appended claims.
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CLAIMS

What is claimed is:

1. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engage with the engine and
selectively disengage from the engine, the method comprising:

operating the engine in a skip fire with cylinder deactivation operational mode while the
engine is idling or delivering a torque less than a designated threshold torque with the power
take-off unit disengaged from the engine;

detecting an action indicative of an engagement or a likely engagement of the power
take-off unit;

determining whether a current torque request exceeds a PTO skip fire torque threshold;
and

exiting the skip fire with cylinder deactivation operational mode when it is determined
that the power take-off unit is engaged and the current torque request exceeds the PTO skip fire

torque threshold.

2. A method as recited in claim 1 wherein the engine includes an exhaust gas after
treatment system, the method further comprising:

monitoring a temperature of the after treatment system;

determining whether the temperature of the after treatment system is above a designated
temperature threshold; and

exiting the skip fire with cylinder deactivation operational mode when it is determined
that the power take-off unit is engaged and the temperature of the after treatment system is

above the designated temperature threshold.

3. A method as recited in claim 2 wherein when it is determined that temperature of the
after treatment system is not above the designated temperature threshold, exiting the skip fire
with cylinder deactivation operational mode is delayed until the temperature of the after

treatment system is above the designated temperature threshold.

4. A method as recited in any of the preceding claims, further comprising:

monitoring an exhaust gases pollutant emissions level;
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determining whether the exhaust gases pollutant emissions level is above a designated
emissions level; and
exiting the skip fire with cylinder deactivation operational mode when it is determined

that the exhaust gases pollutant emissions level is above the designated emissions level.

5. A method as recited in claim 4 wherein the monitored exhaust gases pollutant is NOXx.

6. A method as recited in claim 4 or 5 wherein the exhaust gases pollutant emissions level

is a cumulative total for a period of time.

7. A method as recited in claim 4 or 5 wherein the exhaust gases pollutant emissions level

is a current emissions level.

8. A method as recited in any of the preceding claims wherein the action indicative of an
engagement or a likely engagement of the power take-off unit is selected from the group
consisting of:

engagement of a clutch associated with the power take-off unit;

movement of a control stick associated with the power take-off unit; and

actuation of a throttle or power control actuator associated with the power take-off unit.

9. A method as recited in any of the preceding claims further comprising transitioning to an
all cylinder operation mode when the engine exits the skip fire with cylinder deactivation

operational mode.

10. A method as recited in claim 1 wherein the action indicative of an engagement or a likely
engagement of the power take-off unit is selected from the group consisting of:

engagement of a clutch associated with the power take-off unit;

movement of a control stick associated with the power take-off unit; and

actuation of a throttle or power control actuator associated with the power take-off unit.

11. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engage with the engine and

selectively disengage from the engine, the method comprising:
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operating the engine in an all cylinder operational mode with the power take-off unit
engaged with the engine;

determining that the power take-off unit is no longer engaged with the engine;

determining whether a current torque request is less than a PTO skip fire torque
threshold; and

exiting the all cylinder operational mode and entering a skip fire with cylinder
deactivation operational mode based at least in part on the determinations that both (a) the power
take-off unit is no longer engaged with the engine, and (b) the current torque request is less than

the PTO skip fire torque threshold.

12. A method as recited in claim 11 further comprising exiting the all cylinder operational
mode and entering a skip fire with cylinder deactivation operational mode directly in response to
the determinations that both (a) the power take-off unit is no longer engaged with the engine,

and (b) the current torque request is less than the PTO skip fire torque threshold.

13. A method as recited in claim 11 further comprising waiting for a designated time delay
after the determination is made that both (a) the power take-off unit is no longer engaged with
the engine, and (b) the current torque request is less than the PTO skip fire torque threshold
before exiting the all cylinder operational mode and entering the skip fire with cylinder
deactivation mode, wherein the skip fire with cylinder deactivation mode is not entered if either
the power take-off unit is reengaged or the current torque request exceeds the PTO skip fire

torque threshold at any time during the designated time delay.

14. A method as recited in any of claims 11-13 further comprising determining that the
power take-off unit is likely to remain disengaged for a period of time and wherein exiting the
all cylinder operational mode and entering the skip fire with cylinder deactivation operational
mode further requires a determination that the power take-off unit is likely to remained

disengaged for the period of time.
15. A method as recited in claim 14 wherein a trigger for determining that the power take-off

unit is likely to remain disengaged for a period of time is based at least in part on a

determination that an operator seat is empty.
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16. A method as recited in claim 14 or 15 wherein a trigger for determining that the power
take-off unit is likely to remain disengaged for a period of time is based at least in part on a
determination that a selected component controlled by the power take-off unit has not moved for

a period of time.

17. A method as recited in any of claims 14-16 wherein a trigger for determining that the
power take-off unit is likely to remain disengaged for a period of time is based at least in part on
a determination that a selected component controlled by the power take-off unit is in a home

position.

18. A method as recited in any of claims 14-17 wherein a trigger for determining that the
power take-off unit is not likely to remain disengaged for a period of time is based at least in

part on a determination that a component controlled by the power take-off unit is moving.

19. A method as recited in any of claims 11-18 further comprising:

monitoring an exhaust gases pollutant emissions level;

determining whether the exhaust gases pollutant emissions level is below a designated
emissions level; and

wherein entering the skip fire with cylinder deactivation operational mode further
requires the determination that the exhaust gases pollutant emissions level is below the

designated emissions level.

20. A method as recited in any of claims 11-19 wherein:
the engine is in a vehicle having traction wheels that are driven by the engine; and
the transition to the skip fire with cylinder deactivation operational mode occurs while

the vehicle is moving.

21. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engage with the engine and
selectively disengage from the engine, the method comprising:

operating the engine in a first operational mode with the power take-off unit engaged
with the engine;

determining that the power take-off unit is no longer engaged with the engine;
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exiting the first operational mode and entering a skip fire with cylinder deactivation
operational mode in response to the determination that at least one of,

(a) the power take-off unit is no longer engaged with the engine, and

(b) a temperature of the after treatment system is below the designated temperature

threshold.

22. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engage with the engine and
selectively disengage from the engine, the method comprising:

operating the engine in a first operational mode with the power take-off unit engaged
with the engine;

determining that the power take-off unit is no longer engaged with the engine;

exiting the first operational mode and entering a skip fire with cylinder deactivation
operational mode in response to the determination that the power take-off unit is no longer

engaged with the engine.

23. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engaged with the engine and
selectively disengage from the engine, the method comprising:

operating the engine in a skip fire with cylinder deactivation operational mode while the
engine is idling or delivering a torque less than a designated threshold torque with the power
take-off unit disengaged from the engine;

detecting an action indicative of an engagement or a likely engagement of the power
take-off unit;

determining whether a current torque request can be delivered within constraints
associated with skip fire operation, including determining whether the current exceeds a PTO
skip fire torque threshold; and

transitioning to a different skip fire firing fraction suitable for delivering the current
torque request when it is determined that the power take-off unit is engaged and the current

torque request can be delivered within constraints associated with skip fire operation.
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24. A method of operating an engine having a power take-off unit operatively connected
thereto, wherein the power take-off unit is configured to selectively engage with the engine and
selectively disengage from the engine, the method comprising:

operating the engine in a skip fire with cylinder deactivation operational mode while the
engine is idling or delivering a torque less than a designated threshold torque with the power
take-off unit disengaged from the engine;

monitoring an exhaust gases pollutant emissions parameter;

determining whether the exhaust gases pollutant emissions parameter is above an
emissions threshold; and

exiting the skip fire with cylinder deactivation operational mode when it is determined

that the exhaust gases pollutant emissions parameter is above an emissions threshold.

25. A method as recited in claim 24 wherein the exhaust gases pollutant emissions parameter

is a current pollutant emissions level threshold.

26. A method as recited in claim 11 further comprising:

monitoring an exhaust gases pollutant emissions level;

determining whether the exhaust gases pollutant emissions level is below a designated
emissions level; and

wherein entering the skip fire with cylinder deactivation operational mode further
requires the determination that the exhaust gases pollutant emissions level is below the

designated emissions level.

27. A method as recited in any of the preceding claims wherein the power take-off unit is
arranged to actuate a device selected from the group consisting of:

a mechanical service arm;

a lift;

a mixer;

a compactor; and

a grinder.
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