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SULFUR DETECTION ROUTINE

TECHNICAL FIELD

[0001] The present disclosure relates to engine exhaust
altertreatment systems, and more particularly to the regen-
eration of a diesel particulate filter.

BACKGROUND

[0002] Adftertreatment systems may include diesel particu-
late filters that must be regenerated and may be deactivated by
sulfur. European Patent Application Number 08160276.5 dis-
closes an engine control system that changes the engine load

and speed to bring a temperature of the exhaust gas above a
limit temperature.

SUMMARY

[0003] In one aspect, the present disclosure provides a
power system comprising an engine that produces exhaust, an
altertreatment system that treats the exhaust and includes a
particulate filter that traps soot from the engine, and a con-
troller configured to perform a sulfur detection routine that
conducts a pre-regeneration calibration to achieve a tempera-
ture 1n the aftertreatment system of between 200 and 400
degrees Celsius and following the pre-regeneration calibra-
tion conducts a sulfur removal calibration to achieve a tem-
perature 1n the aftertreatment system of between 300 and 500
degrees Celsius.

[0004] In another aspect, a power system 1s disclosed com-
prising an engine that produces exhaust, a fuel system that
injects a fuel into the engine, an aftertreatment system that
treats the exhaust and 1ncludes a particulate filter that traps
soot from the engine, and a controller configured to perform
a sulfur detection routine. The controller conducts a sulfur
removal calibration to achieve a temperature in the aftertreat-
ment system of between 300 and 500 degrees Celsius and
following the sulfur removal calibration conducts a post-
regeneration calibration to achieve a temperature in the after-
treatment system between 200 and 400 degrees Celsius.
[0005] In yet another aspect, a method 1s disclosed of
detecting sulfur 1n an aftertreatment system ftreating an
exhaust from an engine. The method comprises comparing a
rate of regeneration of a particulate filter after removing the
sulfur against a rate of regeneration of a particulate filter
betfore removing the sulfur.

[0006] Other features and aspects of this disclosure will be
apparent from the following description and the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 1s a diagrammatic view of a power system.

[0008] FIG. 2 1s a graphical representation of soot loading
in a diesel particulate filter during a first operation mode and
a second operation mode.

[0009] FIG. 3 1s a graphical representation of an engine
speed-torque map and a boundary speed—torque curve under
which a second operation mode 1s enabled.

[0010] FIG. 4 1s a block diagram of strategies used 1n a
second operation mode.

[0011] FIG. 5 1s a graphical representation of soot loading
in a diesel particulate filter illustrating a delay period and
transition period.
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[0012] FIG. 6 15 a graphical representation of soot loading
in a diesel particulate filter illustrating a delay period and
transition period.

[0013] FIG. 7 1s a graphical representation of soot loading
in a diesel particulate filter exceeding a threshold and 1llus-
trating the engine’s responses.

[0014] FIG. 8 1s a graphical representation of hydrocarbon
levels 1 a diesel particulate filter during a hydrocarbon
removal calibration.

[0015] FIG. 9 1sa graphical representation of a temperature
profile and of soot loading profiles during a sultfur detection
routine.

DETAILED DESCRIPTION

[0016] As seen 1 FIG. 1, a power system 1 includes an
engine 10 and multiple other systems. These systems include
a fuel system 20, an air intake system 30, an exhaust system
40, an aftertreatment system 30, an exhaust gas recirculation
(EGR) system 60, and an electrical system 70. The power
system 1 may include other features not shown, such as cool-
ing systems, peripheries, drivetrain components, etc.

[0017] The engine 10 creates the power for the power sys-
tem 1. The engine 10 includes a block 11, cylinders 12, and
pistons 13. The pistons 13 reciprocate within the cylinder 12
to drive a crankshait. The engine 10 may be any type of engine
(internal combustion, gas, diesel, gaseous fuel, natural gas,
propane, etc.), may be of any size, with any number of cylin-
ders, and 1n any configuration (*V,” in-line, radial, etc.). The
engine 10 may be used to power any machine or other device,
including on-highway trucks or vehicles, off-highway trucks
or machines, earth moving equipment, generators, acrospace
applications, locomotive applications, marine applications,
pumps, stationary equipment, or other engine powered appli-
cations.

[0018] The fuel system 20 delivers a fuel 21 to the engine
10. The fuel system 20 includes a fuel tank 22, fuel line 23,
tuel pump 24, tuel filter 25, fuel rail 26, and fuel 1njectors 27.
The fuel tank 22 contains the fuel 21 and the fuel line 23
delivers the fuel 21 from the fuel tank 22 to the fuel rail 26.
The fuel pump 24 draws the fuel 21 from the fuel tank 22 and
passes the fuel 21 to the fuel rail 26. In some embodiments,
more than one fuel pump 24 may be used with a downstream
fuel pump 24 having higher pressure capabilities than an
upstream fuel pump 24. The fuel 21 may also pass through
one or more fuel filters 25 to clean the fuel 21.

[0019] The fuel 21 1s passed to the fuel injectors 27 via the
fuel rail 26 and the fuel 21 1s delivered into each cylinder 12
via the corresponding fuel injector 27. The fuel 1injectors 27
may include solenoid or piezoelectric valves to deliver the
injection. The fuel rail 26 1s pressurized by operation of the
tuel pump 24. The tuel pump 24 may include a swash plate 28
that controls the compression ratio of the fuel pump 24.
Changes 1n the swash plate 28 or other changes to the opera-
tion of the fuel pump 24 can be used to vary the pressure of the
tuel 21 1n the tuel rail 26 and therefore change the engine fuel
injection pressure. The fuel system 20 1s described above as a
common rail fuel system, but other embodiments may be
adapted for other fuel systems, such as unit injector systems.
[0020] The air intake system 30 delivers fresh intake air 31
to the engine 10. The air intake system 30 includes an airline
32, air cleaner 33, compressor 34, intake air cooler 35, intake
valve 36, intake air heater 37, and intake manifold 38. The
fresh intake air 31 1s sucked in through the airline 32 and
passes mto the cylinder 12. The fresh air 31 1s first drawn




US 2011/0146245 Al

through the air cleaner 33, 1s then compressed by the com-
pressor 34, and next cooled by the intake air cooler 35. The
fresh air 31 may then pass through the intake valve 36 and
intake air heater 37. The fresh air 31 1s then delivered to the
engine 10 via the intake manifold 38. Engine intake valves
associated with each cylinder 12 may be used to deliver the air
to the cylinders 12 for combustion.

[0021] The exhaust system 40 routes raw exhaust 41 from
the engine 10 to the aftertreatment system 50. The exhaust
system 40 1ncludes an exhaust manifold 42, turbo 43, and
backpressure valve 44. The backpressure valve 44 may
include any controllable restriction placed on the exhaust,
including a smart engine brake.

[0022] The turbo 43 includes the compressor 34, a turbine
45, a turbo shait 46, and a wastegate 47. The turbine 45 1s
rotationally connected to the compressor 34 via the turbo
shaft 46. The wastegate 47 includes a wastegate passage 48
and a wastegate valve 49. The wastegate passage 48 connects
from upstream to downstream of the turbine 45 and the waste-
gate valve 49 1s disposed inside the wastegate passage 48. In
some embodiments a wastegate 47 may not be needed or
included. In some embodiments the turbo 43 may include an
asymmetric turbine 45 and separate exhaust manifolds 42 that
may be used to drive EGR. In other embodiments the turbo 43
may include a variable geometry turbine 45 and separate
exhaust manifolds 42 that may be used to drive EGR. Some
embodiments may also include one or more additional turbos
43 1n series or 1n parallel.

[0023] The backpressure valve 44 1s downstream of the
turbine 45 and upstream of the aftertreatment system 30. In
other embodiments, the backpressure valve 44 may be
located 1n the aftertreatment system 30, 1n the exhaust mani-
told 42, or elsewhere downstream of the engine 10.

[0024] The raw exhaust 41 1s expunged from the engine 10
via the engine exhaust valves and 1s routed through the
exhaust manifold 42 to the turbine 45. The hot raw exhaust 41
drives the turbine 45, which drives the compressor 34, and
compresses the fresh intake air 31. The wastegate passage 48
allows the raw exhaust 41 to by-pass the turbine 45 when the
wastgate valve 49 1s opened. The wastegate passage 48 1s
controlled to regulate turbo 43 boost pressure and the waste-
gate valve 49 may be configured to open once a threshold
boost pressure 1s reached.

[0025] The aftertreatment system 50 receives raw exhaust
41 and refines 1t to produce cleaned exhaust 51 that 1s routed
to the atmosphere. The aftertreatment system 50 includes an
exhaust conduit 52, a diesel oxidation catalyst (DOC) 53, and
a diesel particulate filter (DPF) 54, which may be a catalyzed
DPF 54. The DOC 53 and DPF 54 may be housed 1n a single
canister 55, as shown, or individual canisters. An aftertreat-
ment temperature represents the temperature of the DOC 353
and DPF 54 inside the canister 55. A muiltler may also be
included in the aftertreatment system 50.

[0026] TheDOC 53 oxidizes Nitrogen monoxide (NO) mnto
Nitrogen dioxide (NO2). The DOC 53 includes a catalyst or
precious metal coating on a substrate. The substrate may have
a honeycomb or other elongated channel structure or other
high surface area configuration. The substrate may be made
from cordierite or another suitable ceramic or metal. The
precious metal coating may consist mainly of Platinum,
though other catalytic coatings may be used. In one embodi-
ment, the DOC 53 may have a precious metal loading of
between 10 and 50 grams per cubic foot on a 200 to 600 cell
per square inch DOC. While 1t may be used, a Palladium
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coating may not be needed because 1t 1s normally used for
temperature stability above 300 degrees Celsius. The DOC
may also include a washcoat coating to help hold the precious

metal coating and provide additional reaction sites. The
washcoat may be Alumina (AL203) based, or based on
another suitable matenal.

[0027] Diflferent types of DOCs are configured for different
types of aftertreatment systems with different DPF 54 regen-

cration strategies. These different DPF 54 regeneration strat-
egies may include low temperature, dosing, and upstream
heat. The DOC 353 of the current aftertreatment system 50
may be characterized as a low temperature aftertreatment
system DOC 53 because the DPF 54 1s passively regenerated
at relatively low temperatures. These low temperature DOCs
require high precious metal loadings to achieve the level of
NO2 production needed, but may not require Palladium for
thermal stability.

[0028] Dosing DOCs require high precious metal loadings
to create the quantity of exothermic reactions needed. These
dosing DOCs may also require Palladium for thermal stabil-
ity because of the temperatures that may be ivolved. The
total precious metal loading of these dosing DOCs may be
similar to the precious metal loading of the low temperature

DOC described above.

[0029] Upstream heat DOCs are used for aftertreatement
systems where a heat source, such as a heater or burner, 1s
upstream ol the DPF 54 to provide the heat for DPF 34
regeneration. These upstream heat DOCs do not require high
precious metal loadings because the heat 1s coming from
another source. However, these upstream heat DOCs may
require Palladium for thermal stability because of the higher
temperatures that may be involved. Aftertreatment tempera-
tures greater than 500 degrees Celsius are often needed in
these systems. These upstream heat DOCs may have a pre-
cious metal loading of between 5 and 25 grams per cubic foot
on a 200 to 400 cell per square inch DOC. Because of the
lower precious metal loadings, the upstream heat DOCs may
be cheaper than the low temp or dosing DOCs.

[0030] The DPF 54 collects particulate matter (PM) or soot.
The DPF 54 may also include a catalyst or precious metal and
washcoat to help the DOC 53 with the oxidization of NO nto
Nitrogen dioxide (NO2). The catalyst of the DPF 54 1s coated
on a substrate with a honeycomb or other elongated channel
or thin wall structure. The DPF 54 substrate may be more
porous than the DOC 33 substrate and every other channel
may be blocked with halfthe channels blocked at the inlet end
and half blocked at the outlet end. This increased porosity and
the blocked channels encourage wall flow of the exhaust. The
wall flow causes the soot to be filtered and collected 1n the

DPF 34.

[0031] Like the DOC, different types of DPFs are config-
ured for different types of aftertreatment systems with difier-
ent DPF 34 regeneration strategies. For instance, the
upstream heat aftertreatement systems may not need a DPF
with any or only relatively little catalyst because less passive
regeneration 1s needed.

[0032] Vanations to the aftertreatment system 30 are pos-
sible. For instance, The DOC 33 may be enlarged, reducing or
climinating the need for any catalyst on the DPF 34. The DPF
54 may also be enlarged and the amount of catalyst coated
increased to eliminate the need for the DOC 53. The types of
catalysts may also be changed. Catalysts may also be added to
tuel supply.
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[0033] The aftertreatment system 50 may also include a
Selective Catalytic Reduction (SCR) system to reduce NO
and NO2 mto N2. The SCR system may include a SCR
catalyst and reductant system to add a supply of reductant 1n
the SCR catalyst.

[0034] The EGR system 60 routs raw exhaust 41 to the air
intake system 30, where the raw exhaust 41 mixes with the
fresh air 31 to create a mixed air 61. The mixed air 61 1s then
delivered to the engine 10. Because the raw exhaust 41 has
already been combusted by the engine 10 1t contains less
oxygen and 1s more inert than fresh air 31. Therefore the
combustion of the mixed air 61 by the engine 10 generates

less heat, which 1inhibits the formation of NOx.

[0035] TheEGR system 60 includes an EGR take-oi1 62, an
EGR line 63, an EGR cooler 64, an EGR valve 65, a reed valve
66, an EGR introduction port 67, and one or more EGR
mixers 68. The EGR take-off 62 1s fluidly coupled to the
exhaust manifold 42 and EGR line 63. In other embodiments,
the EGR take-off 62 may be 1solated to a single or a single set
of cylinders(s). In yvet other embodiments, the EGR take-off
62 may be further downstream, possibly after or 1n the after-
treatment system 50. The EGR system 60 may also be
adapted to be in-cylinder. The EGR cooler 64 1s disposed 1n
the EGR line 63 down stream of the EGR take-oit 62. In some
embodiments, the EGR cooler 64 and intake air cooler 35
may be combined. Some embodiments also may not include
reed valves 66.

[0036] The EGR valve 65 1s disposed 1n the EGR line 63
downstream of the FGR cooler 64. The reed valve 66 1s
disposed 1n the EGR line 63 downstream of the EGR valve 65.
In other embodiments, the EGR valve 65 and/or reed valve 66
may be disposed upstream of the EGR cooler 64. The EGR
introduction port 67 1s fluidly connected to the EGR line 63
downstream of the reed valve 66. The EGR mixer 68 extends
into the intake airline 32 to introduce and mix the raw exhaust
41 into the fresh air 31 to create the mixed air 61. In some
embodiments the reed valve 66 and EGR mixer 68 may not be
needed or included.

[0037] The electrical system 70 recerves data from power
system 1 sensors, processes the data, and controls the opera-
tion of multiple components 1n the power system 1. The
clectrical system 70 includes a controller 71, wiring harness
72, and a plurality of sensors. The controller 71 may embody
an electronic control module (ECM) or another processor
capable of receiving, processing, and communicating the
needed data. The controller 71 may also embody multiple
units working together. The controller 71 may be 1n commu-
nication with and/or control more or fewer components than
1s shown 1n the current embodiment. The controller 71 1s
configured or programmed to receive data and control the
components of the power system 1 as described herein.

[0038] The sensors are all connected to the controller 71 via
the wiring harness 72. In other embodiments wireless com-
munication may be used instead of the wiring harness 72. The
sensors may include a soot loading sensor 73, aftertreatment
inlet temperature sensor 74, air intake temperature sensor 75,
barometric pressure sensor 76, rail fuel temperature sensor
77, rail fuel pressure sensor 78, EGR gas temperature sensor
79, EGR valve ilet pressure sensor 80, EGR valve outlet
pressure sensor 81, intake manifold temperature sensor 82,
intake manifold pressure sensor 83, and an engine speed
sensor 84. An EGR valve position sensor may also be
included or the EGR valve position may be determined based
on known command signals.
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[0039] The sootloading sensor 73 provides an indication of
the amount of soot loading 1n the DPF 54. The soot loading
sensor 73 provides a reading corresponding to the mass or
quantity of soot per volume of the DPF 54. The amount of
soot loading may be expressed as a % of a maximum accept-
able soot load for the DPF 54. The maximum acceptable soot
load for the DPF 34 may be determined as the load at which
the likelithood of a thermal event in the DPF 54 becomes
higher than an arbitrary limit or threshold amount. Therefore,
it 1s possible for the soot loading % to be greater than 100%
but 1t 1s not desirable.

[0040] Thesootloading values may need to be corrected for
different altitudes or barometric pressures which may be
determined by the barometric pressure sensor 76. The soot
loading values may also need to be corrected for an accumu-
lation of ash 1n the DPF 54 over time. This correction may be
made using a model or sensor that estimates the amount of
ash. The more accurate and responsive the soot loading sensor
73, the more precisely the 100% soot loading value can be
assigned.

[0041] Inone embodiment, the soot loading sensor 73 may
embody a radio frequency (RF) sensor. Such an RF sensor
may pass radio frequencies through the DPF 54 and measure
attenuated frequencies as an indication of particulate loading
in the DPF 34. The soot loading sensor 73 may also measure
other aspects mside or across the DPF 54 as an indication of
soot loading. For instance, the soot loading sensor 73 may
measure a pressure differential or temperature differential
across the DPF 54. The soot loading sensor 73 may also
embody a computer map, model, or algorithm that predicts
particulate loading over time.

[0042] The aftertreatment inlet temperature sensor 74 mea-
sures the temperature of the raw exhaust 41 entering the
altertreatment system 50. The aftertreatment temperature
may be determined via the aftertreatment inlet temperature
sensor 74. The aftertreatment temperature may also be deter-
mined 1n other ways. For example, the aftertreatment tem-
perature may be determined or extrapolated from engine
maps, inifrared temperature sensors, temperature sensors
located upstream or downstream, or pressure sensors.

[0043] The air intake temperature sensor 75 measures the
ambient temperature of the fresh air 31 entering the air intake
system 30. The barometric pressure sensor 76 measures the
barometric pressure of the power system 1 environment as an
indication of altitude. The rail fuel temperature sensor 77 and
rail fuel pressure sensor 78 measure the temperature and
pressure 1nside the fuel rail 26 which 1s the engine fuel 1njec-
tion pressure. The EGR gas temperature sensor 79 measure
the temperature of the raw exhaust 41 being mixed with the
fresh air 31. The EGR valve inlet pressure sensor 80 and EGR
valve outlet pressure sensor 81 measure the pressure on either
side of the EGR valve 65. The intake manifold temperature
sensor 82 and intake manifold pressure sensor 83 measures
the temperature and pressure mside the intake manifold 38.
The engine speed sensor 84 may measure the speed of the
engine 10 by measuring speed of the camshait, crankshaft, or
other engine 10 component.

[0044] The wiring harness 72 1s also connected to the back-
pressure valve 44, wastegate valve 49, fuel pump 24, engine
10, tuel mjectors 27, EGR valve 65, intake valve 36, and
intake air heater 37. The controller 71 controls the backpres-

sure valve 44, wastegate valve 49, fuel pump 24, engine 10,
tuel 1njectors 27, EGR valve 63, intake valve 36, and intake
air heater 37.
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[0045] Theengine 10 generates soot that 1s collected by the
DPF 54. The main constituent of soot 1s Carbon (C). The NO

contained 1n the raw exhaust 41 1s converted into NQO2 as it

passes over the DOC. The NO2 1s next brought into contact
with the Carbon trapped in the DPF 54. The NO2 from the

DOC 53 and Carbon trapped in the DPF 54 then react to
produce CO2 and NO, burning the soot. If the DPF 1s cata-
lyzed the NO may be again converted to NO2 to enable
turther soot oxidation.

[0046] Above an aftertreatment light-off temperature the
reactions described above may occur at a rate sufficient to
burn at least as much soot as 1s being trapped, or to continu-
ously regenerate the DPF 54. The aftertreatment light-off
temperature may be approximately 230 degrees Celsius. In
other embodiments, the aftertreatment light-off temperature
may be between approximately 200 and 260 degrees Celsius.
As the aftertreatment temperature rises above light-off tem-
perature, the rate of reactions described above increase and
the DPF 34 regenerates faster. Regeneration under these con-
ditions may be referred to as low temperature regeneration.

[0047] FIGS. 2, 3, and 5-8 are graphical representations of
power system operating conditions. It should be understood
that the values presented are meant to be 1llustrative of aspects
of the present disclosure and are not necessarily representa-
tive of expected or experienced data sets.

[0048] As seen 1n FIG. 2, under some engine 10 work or
duty cycles or environments the aftertreatment temperature 1s
high enough for a suilicient amount of time to continuously
regenerate the DPF 54. However, FIG. 2 also shows that in
some duty cycles or environments the aftertreatment tem-
perature may be insuilicient and the soot loading in the DPF
may reach a regeneration activation soot threshold 103.

[0049] In order to account for situations where the regen-
eration activation soot threshold 103 1s reached, the engine 10
includes a control system 100 that operates 1n either a first
operation mode 101 or a second operation mode 102. The
second operation mode 102, which may also be called a
regeneration assist calibration, creates power system 1 con-
ditions conducive to cause DPF 34 regeneration. Under most
engine 10 work or duty cycles or environments and while the
DPF 354 1s under the regeneration activation soot threshold
103 the control system 100 operates the engine 10 1n the first
operation mode 101, which may also be called a standard
calibration. The second operation mode 102 1s described as
being used with a low temperature aftertreatment system but
may also be used 1n conjunction with the dosing or upstream
heat aftertreatment systems to assist in regeneration.

[0050] FIG. 3 shows a graph of engine speed versus engine
torque. The graph includes a peak rated speed-torque curve
104 and a threshold or boundary speed-torque curve 105. The
boundary speed-torque curve 105 may be associated with
engine 10 conditions that result 1n an aftertreatment tempera-
ture of above a light-off temperature of the DOC under nor-
mal operating conditions to enable continuous regeneration
of the DPF 54. In one embodiment, the light-oif temperature
may be approximately 230 degrees Celsius. In other embodi-
ments, the speed-torque curve 105 may associated with other
altertreatment temperature thresholds.

[0051] The shape of the boundary speed-torque curve 1035
may change depending on the power system 1 and 1ts 1nstal-
lation. The engine 10 speed 1s determined by the engine speed
sensor 84. The engine 10 torque 1s calculated as a function of
engine 10 speed and a quantity of fuel 21 mjected. The area
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under the boundary speed-torque curve 105 may be deter-
mined by a map populated with the engine speed and torque
values.

[0052] Ifthe engine 10 speed-torque 1s above the boundary
speed-torque curve 105 then the second operation mode 102
1s disabled and only the first operation mode 101 1s employed.
If the DPF 54 reaches the regeneration activation soot thresh-
old 103 and the engine 10 speed and torque i1s below the
boundary speed-torque curve 105 then the control system 100
operates the engine 10 1n the second operation mode 102.

[0053] Once aregeneration deactivation soot threshold 106
1s reached the control system 100 activates the first operation
mode 101 again. Following this drop below the regeneration
deactivation soot threshold 106, the second operation mode
102 will not be reactivated until the regeneration activation
soot threshold 103 1s again reached.

[0054] The establishment of the regeneration activation
soot threshold 103 and regeneration deactivation soot thresh-
0ld 106 1s determined to avoid the use of the second operation
mode 102 to the extent possible. In some embodiments the
regeneration activation soot threshold 103 may be approxi-
mately 90%. In other embodiments, the regeneration activa-
tion soot threshold 103 may be between 70% and 100%, 85%
and 95%, greater than 80%, or greater than 90%. In some
embodiments the regeneration deactivation soot threshold
106 may be approximately 80%, 1n other embodiments, the
regeneration deactivation soot threshold 106 may be between
65% and 85%, greater than 70%, or greater than 80%.

[0055] If the engine 10 speed and torque rises above the
boundary speed-torque curve 105 while the engine 10 1s 1n the
second operation mode 102, then the second operation mode
102 may be interrupted and the first operation mode 101 will
be activated. If following this interruption, the engine 10
speed and torque again drops below the boundary speed-
torque curve 105 and the soot loading 1s above the regenera-
tion deactivation soot threshold 106, then the second opera-
tion mode 102 will be reactivated. Once the engine 10 1s shut
oil any history regarding whether the second operation mode
102 was active or whether an 1nterruption had occurred may
be lost or may be retained to continue operation of second
operation mode 102 as though the no mterruption occurred.
The history may also be configured to be lost after a prede-
termined or threshold amount after the engine 10 1s shutoft

[0056] Thesecondoperationmode 102 isillustrated in FIG.
4. The second operation mode 102 employs a set of regenera-
tion strategies 200 to create an engine outcome 205. The
engine outcome 205 involves a higher exhaust temperature
and a higher NOx/soot ratio. In this way the control system
100 achieves a target NOx/soot ratio 107 and target regenera-
tion temperature 108 to accomplish regeneration of the DPF
54, as seen 1n FI1G. 2. The target NOx/soot ratio 107 results 1n
an accelerated low temperature continuous regeneration that
may shorten the amount of time the second operation mode

102 1s needed.

[0057] During the first operation mode 101, the NOx/soot
ratio produced by the engine 10 may be greater than 20 grams
of NOxX per one gram of soot. During the second operation
mode 102, the target NOx/soot ratio 107 produced by the
engine 10 may risen to be greater than 35 grams of NOX per
one gram of soot. In other embodiments, the target NOx/soot
ratio 107 may be greater than 45 grams of NOX per one gram
of soot during the second operation mode 102. In yet other
embodiments, the target NOx/soot ratio 107 may be greater
than 50 grams of NOX per one gram of soot during the second
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operation mode 102. The target NOx/soot ratio 107 may also
be between 45 and 55 grams of NOXx per one gram of soot
during the second operation mode 102. In some embodi-
ments, the target NOx/soot ratio 107 produced by the engine
10 may be approximately 50 grams of NOX per one gram of
SOOT.

[0058] During the second operation mode 102 the target
regeneration temperature 108 1s above the light-off tempera-
ture and may be 1n a range between 200 and 400 degrees
Celstus. In other embodiments the target regeneration tem-
perature 108 1s greater than 230 degrees Celsius during the
second operation mode 102.

[0059] As described above, the DOC converts NO to NO2
and the NO2 reacts with the Carbon 1n the DPF 54 to form
CO2 and NO. The second operation mode 102 increases the
NOx/soot ratio in the raw exhaust 41 so that more NO2 1s
available to react with soot to form CO2 and NO at a faster
rate. As mentioned above, the second operation mode 102
must also increase the temperature of the raw exhaust 41 to
raise the aftertreatment temperature above the light-off tem-
perature to enable these reactions. The second operation
mode 102 also reduces the amount of soot in the raw exhaust
41 so that less Carbon 1s being trapped and the total soot
loading 1n the DPF will be reduced faster.

[0060] In order to achieve the outcome 2035, the second
operation mode 102 employs multiple regeneration strategies
200 that change the operating parameters of the engine. These
regeneration strategies 200 may include a backpressure valve
strategy 210, EGR valve strategy 220, fuel injection timing
strategy 230, fuel shot mode strategy 240, fuel pressure strat-
egy 250, and an intake air heater strategy 260. While each
individual strategy may impact NOx, temperature, and sootin
different ways, they all work together to raise the aftertreat-
ment temperature and raw exhaust 41 NOx/Soot ratio.

[0061] The type of regeneration strategies described herein
are associated by some with reduced fuel efliciencies,
increased engine 10 noise, reduced transient response, and
added cost and complication. However, the power system 1
and control system 100 of the present disclosure minimizes
these concerns.

[0062] The second operation mode 102 will, under most
operating conditions, rarely be needed or used. The second
operation mode 102 and use of the regeneration strategies 200
also actually reduces the additional hardware (heaters, burn-
ers, dosers, etc.) required by other DPF regeneration systems.
The use of multiple regeneration strategies 200 together may
also help maximize the NOx/soot ratio and temperature to
assist regeneration or achieve accelerated regeneration of the
DPF 54 and reduce the length of time the second operation
mode 102 1s utilized or needed. While the second operation
mode 102 may result 1n an increase 1n the amount of soot, 1t
also 1ncreases the amount NOx more so that a higher NOx/
soot ratio results. Alternatively, the second operation mode

102 may reduce NOx and reduce soot more so that a higher
NOx/soot ratio again results.

[0063] The high NOx/soot ratio also reduces the tempera-
tures and time at temperature needed for regeneration of the
DPF 54, which reduces the thermal stress on the DPF 54 and
any aging or deactivation of the DPF 54. The aging of the DPF
54 may 1nclude the sintering of the catalyst, which may block
channels and reduce performance as a function of time and
temperature.

[0064] The time needed for the second operation mode 102
to lower the soot loading of the DPF 354 below the regenera-
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tion deactivation soot threshold 106 may range between
approximately 20 minutes and 60 minutes. The time required
varies depending largely on various conditions that also
impact the altertreatment temperature and may be longer or
shorter than the times mentioned. The conditions affecting
the time needed for the second operation mode 102 to lower
the soot loading of the DPF 54 below the regeneration deac-
tivation soot threshold 106 may 1include ambient air tempera-
ture, parasitic load levels, low engine 1dle speed, exhaust
conduit 52 length, design and sizing of the air intake system
30, turbo 43 arrangements, msulation, engine compartment
s1ze, and many other factors.

[0065] The backpressure valve strategy 210 mnvolves clos-
ing the backpressure valve 44. Closing the backpressure valve
44 increases the pressure 1n the exhaust system 40, causing
the governor to increase the amount of fuel 21 1njected 1n the
engine 10 to maintain the engine 10 speed. The increase 1n the
tuel 21 1njected may result 1n a decrease 1n fuel efficiency, but
it also results 1n an increase 1n the temperature of the raw
exhaust 41 and aftertreatment temperature.

[0066] The amount the backpressure valve 44 1s closed
depends upon the engine 10 speed. The backpressure valve 44
1s closed by an amount to achieve the needed aftertreatment
temperature whilst avoiding an engine 10 stall. At low speeds
the backpressure valve may be 98% closed at maximum,
while at higher speed the backpressure valve 44 may be only
60% closed at maximum. The percentage the backpressure
valve 44 1s closed 1s the percentage of cross sectional area in
the exhaust conduit obstructed compared to when the back-
pressure valve 44 1s fully opened. The percentage that the
backpressure valve 1s closed may vary based on the specific
valve design being used.

[0067] Atlow speeds the closing of the backpressure valve
44 may cause a pressure differential between the intake mani-
fold 38 and exhaust manifold 42 of between 150 and 300 kPa,
compared to a pressure differential of between 3 and 7 kPa
when not closed. At high speeds the closing of the backpres-
sure valve 44 may cause a pressure differential between the
intake manifold 38 and exhaust manifold 42 of between 50
and 100 kPa, compared to a pressure differential of between
40 and 50 kPa when not closed. The pressure diflerential
ranges listed above may vary based on turbo 43 size and
match and other power system 1 changes.

[0068] The closing of the backpressure valve 44 may be
done at a slow rate to build pressure at a slow controlled rate
in the exhaust manifold 42. The amount the backpressure
valve 44 1s closed and the corresponding pressure difieren-
tials discussed above may depend greatly on a number of
factors, including the turbo 43 type/sizing/match, intake
manifold 38 size, exhaust manifold 42 size, EGR line 63 size,
backpressure from the aftertreatment system 50, and many
other factors.

[0069] The operation of the backpressure valve 44 1s con-
trolled by the measured or determined pressure differential
between the intake manifold 38 and exhaust manifold 42. The
pressure in the intake manifold 38 1s determined by the intake
manifold pressure sensor 83. The pressure 1n the exhaust
mamnifold 42 1s determined by the EGR valve inlet pressure
sensor 80. As described below, the EGR valve 65 1s closed
during the second operation mode 102 and therefore the pres-
sure at the EGR valve inlet pressure sensor 80 will be the same
as the pressure 1n the exhaust manifold 42. In an alternative
embodiment, the pressure in the exhaust manifold 42 may be
determined by a pressure sensor added 1n the exhaust mani-
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fold 42. The addition of a pressure sensor in the exhaust
manifold 42 may be required 1f in an alternative embodiment
the EGR valve 1s not completely closed or the EGR system 60
1s not included or changed.

[0070] Theoperation of the backpressure valve 44 may also
be controlled by the aftertreatment temperature. However, the
pressure differential between the intake manifold 38 and
exhaust manifold 42 may be more responsive. Using the
altertreatment temperature to control the operation of the
backpressure valve 44 may require waiting for the tempera-
ture to rise as a result of the pressure difierential.

[0071] Control based on aftertreatment temperature may be
used 1f control based on pressure differential between the
intake manifold 38 and exhaust manifold 42 does not result 1n
a altertreatment temperature that exceeds the light-off tem-
perature of the DOC 33. The failure to reach the desired
altertreatment temperature despite achieving a targeted pres-
sure differential between the intake manifold 38 and exhaust
manifold 42 may be a result of cold ambient conditions or
installations with aftertreatment systems 50 that are far down-
stream. In these situations, the backpressure valve 44 may be
controlled based on the aftertreatment temperature and closed
to a greater percentage than would be dictated by the pressure
differential between the intake mamfold 38 and exhaust
manifold 42. In one embodiment, however, the pressure dit-
terential between the intake manifold 38 and exhaust mani-

fold 42 will not be allowed to exceed a maximum value (for
example 300 kPa).

[0072] Control based on the aftertreatment temperature
may also be used 11 control based on pressure differential
between the intake manifold 38 and exhaust manifold 42
results 1n the aftertreatment temperature exceeding a prede-
termined or threshold aftertreatment maximum temperature
(for example 400 degrees Celsius). Exceeding the aftertreat-
ment maximum temperature may result in damage to the
DOC 53 and/or DPF 54, as described above. In these situa-
tions, the backpressure valve 44 may be controlled based on
the aftertreatment temperature and opened a greater percent-
age than would be dictated by the pressure differential
between the intake manifold 38 and exhaust manifold 42.
Exceeding the aftertreatment maximum temperature may
also result in a warning to the operator.

[0073] Theoperation of the backpressure valve 44 may also
be controlled by the absolute pressure 1n the exhaust manifold
42. However, using the pressure differential between the
intake manifold 38 and exhaust manifold 42 may reduce the
need to account for the impact altitude has on absolute pres-
sure

[0074] Ifthe backpressure valve 44 fails to close or respond
to commands, the second operation mode 102 may be modi-
fied to use more or less of the other regeneration strategies 200
and/or de-rate the engine 10.

[0075] Inorderto keep the backpressure valve 44 function-
ing properly and to test its operation 1n what may be a harsh
environment, movements of the backpressure valve 44 may
be carried out. These movements may be done periodically
(for example every 30 minutes). The degree of the movement
may depend on an exhaust mass flow rate, with larger move-
ments being done at lower exhaust mass flow rates and
smaller movements at higher exhaust mass flow rate. The
exhaust mass flow rate may be determined as a function of
engine 10 speed, a sensor, output, or another power system 1
condition. The larger movements provide more benefit to
backpressure valve 44 operation and testing, while smaller
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movements may be required at higher speeds to reduce the
impact on engine 10 performance during the test. The move-
ments of the backpressure valve 44 may also be restricted to
only occur at low engine 10 speeds where performance
impact 1s less of a concern.

[0076] An additional strategy or an alternative to the back-
pressure valve strategy 210 may be an intake valve strategy.
Either or both the intake valve 36 or backpressure valve 44
may be referred to as regeneration valves that are used to
assist 1n the regeneration of the DPF 54. In one embodiment,
closing of the intake valve 36 reduces the amount of fresh
intake air 31 being supplied to the engine 10 and increases
pumping losses, which increases temperatures. The back-
pressure valve strategy 210 may be more eflective than the
intake valve strategy because the backpressure valve strategy
210 does not reduce manifold pressure and 1s therefore less
susceptible to misfire. In some embodiments, the intake valve
36 may not be needed or included in the power system 1.

[0077] The EGR valve strategy 220 mnvolves closing the
EGR valve 65 during the second operation mode 102 or while
the backpressure valve 44 1s at least partially closed. How-
ever, the EGR valve 65 may not always need be closed while
the backpressure valve 44 1s at least partially closed, espe-
cially if the backpressure valve 44 1s being used for thermal
management of other aftertreatment devices, such as an SCR
system or the DOC 53. Closing the EGR system 60 increases
the amount of NOx produced. Closing the EGR system 60
also prevents high levels of tlow through the EGR system 60
while the backpressure valve 44 1s partially closed. This flow
could cause an imbalance of raw exhaust 41 to fresh air 31 1n
the mixed air 61 and may reduce the effectiveness of the
backpressure valve strategy 210.

[0078] In some embodiments, the backpressure valve 44
will be kept completely open or open to a greater extent than
it otherwise would be 11 a failure of the EGR valve 65 to close
occurs. The EGR valve strategy 220 may be eliminated 1n
power systems without an EGR system or modified in power
systems that have in-cylinder EGR systems.

[0079] The fuel mjection timing strategy 230 involves
either advancing or retarding the timing of the main 1njection.
Whether or not the fuel injection timing i1s advanced or
retarded 1s partially dependent on what the current fuel 1njec-
tion timing 1s 1n the first operation mode 101 for the current
engine 10 speed and torque before activation of the second
operation mode 102. The impact of changing the fuel injec-
tion timing may be heavily dependent on combustion dynam-
ics which may be intluenced by piston and head geometries,
tuel spray patterns, air/fuel ratios, or other factors. Despite
these uncertainties, advanced fuel injection timing may be
assoclated with reduced soot and increased NOx, while
retarded fuel mjection timing may be associated with
increased temperature, increased soot, and reduced NOX.

[0080] Because of these competing interests, whether the
fuel 1njection timing 1s advanced or retarded depends on the
impact the other regeneration strategies 200 in the second
operation mode 102 can have on temperature, NOX, and soot
at a given engine 10 speed and torque. For example, at high
engine 10 speed and torque under the boundary speed-torque
curve 105, aftertreatment temperature above the light-off
temperature may be easy to obtain through other strategies, so
the fuel 1njection timing 1s advanced to reduce soot. In con-
trast, at low engine 10 speed and torque under the boundary
speed-torque curve 105, aftertreatment temperatures above
the light-oif temperature may be difficult to obtain through
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other strategies, so the fuel mjection timing 1s retarded to
assist 1n increasing the aftertreatment temperature.

[0081] The fuel shot mode strategy 240 involves adding
tuel mjection shots by the fuel injectors 27. In one embodi-
ment, the fuel shot mode strategy 240 may add an early pilot
shot (10 to 40 degrees before top dead center piston 13 posi-
tion), a close coupled pilot shot (5 to 20 degrees before top
dead center piston 13 position), a close coupled post (5 to 30
degrees alter top dead center piston 13 position), or a late post
(10 to 40 degrees after top dead center piston 13 position).
Other embodiments may include a wide variety of alternative
tuel injection shot patterns.

[0082] Each of these shots have different impacts that may
be beneficial to achieving regeneration of the DPF 54, espe-
cially when coupled with the other regeneration strategies
200. Like the fuel injection timing strategy 230, whether the
carly pilot or late post or both are used will be dependent on
the engine 10 speed and torque and the capability of the other
regeneration strategies 200 to achieve the temperature, NOX,
and soot levels needed for regeneration of the DPF 54. The
addition of a late post shot may be associated with lowering
soot and increasing temperature, and therefore may {ire-
quently be a part of the fuel shot mode strategy 240.

[0083] The fuel pressure strategy 250 1nvolves increasing
the fuel pressure 1n the fuel rail 26 for increased engine fuel
injection pressures. Increased fuel 1njection pressures may
increase noise levels but also increase NOx and lower soot.
Higher fuel injection pressures improve the vaporization of
the fuel 21 1n the combustion chamber, which may cause the
increase 1 NOX. The increased fuel pressure may also lower
temperatures, but the other regeneration strategies 200 can be
used to compensate for this impact and increase the tempera-
ture

[0084] The fuel injection pressure during the second opera-
tion mode 102 may be greater than 1.5 times, 2 times, or 2.5
times that of the fuel injection pressure during the first opera-
tion mode 101. In addition, the fuel injection pressure may be
gradually raised during the second operation mode 102 along
a ramp. In one embodiment the fuel injection pressure during
the second operation mode 102 may be between 60 and 70
MPa, compared with between 30 and 40 MPa during the first
operation mode 101.

[0085] The intake air heater strategy 260 involves activat-
ing the intake air heater 37. Activating the intake air heater 37
adds a parasitic load to the engine 10 and heats the intake air
being delivered to the combustion cylinder 12. Both of the
elfects result 1n higher exhaust temperatures and assist 1n
regeneration. In some embodiments, the intake air heater 37
may not be needed or included.

[0086] At low idle engine 10 speeds, however, the alterna-
tor providing electric power to the intake air heater 37 and
other electrical components of the engine 10 or machine may
not be able to provide enough power. Therelfore, a strategy 1s
needed to only activate the intake air heater 37 to the degree
and when needed. Accordingly, the intake air heater 37 may
be activated by a closed loop control system based on intake
air temperature and fuel consumption. The intake air tem-
perature and fuel consumption are used to predict the result-
ing raw exhaust 41 temperature for a given usage of the intake
air heater 37. The intake air heater 37 1s then only activated to
the degree needed to achieve the desired raw exhaust 41
temperature. The intake air temperature may be determined
by the intake manifold temperature sensor 82. The fuel con-
sumption value may be corrected based on engine 10 load or
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speed—rtorque as mass airflow and combustion heat waill
change and have an impact on the raw exhaust 41 tempera-
ture.

[0087] In alternative embodiments the intake air heater
strategy 260 and intake air heater 37 may not be needed. The
intake air heater strategy 260 and intake air heater 37 may
only be needed when the ambient temperatures are very low
(for example below negative 25 degrees Celsius) or on appli-
cations frequently running at low engine 10 1dle or load.

[0088] Inother alternative embodiments, the engine 10 1dle
speed may also be increased during the second operation
mode 102. The engine 10 idle speed may also be increased in
environments below a predetermined or threshold ambient
temperature (for example, below 0 degrees Celsius). The
ambient temperature of the environment may be determined
by the fresh air intake temperature sensor 75. In other
embodiments, the fresh air intake temperature sensor 75 may
not be icluded and the temperature of the environment may
be determined by other temperature sensors at engine 10
start-up, before the engine 10 heats up.

[0089] Other alternative embodiments may also include the
use of one or more parasitic loads on the engine 10 as part of
the second operation mode 102. The load on the engine 10
may be increased by activating a water pump, an air condi-
tioner, a hydraulic pump, an electric generator, a fan, a heat-
ing system, a compressor, lights, or any other system drawing
energy from the engine 10. If an SCR system 1s employed, the
reductant supply may be increased leading up to and/or dur-
ing the activation of the second operation mode 102 to
account for the high levels of NOx the second operation mode
102 produces.

[0090] To further illustrate aspects of the control system
100, FIGS. §, 6, and 7 include a representation of the bound-
ary speed-torque curve 105 from FIG. 3 as a function of time.
For simplicity, FIGS. 5, 6, and 7 show the boundary speed-
torque curve 105 as a flat line and also include a line repre-
senting the engine’s 10 speed and torque relative to the
boundary speed-torque curve 105. In this way, FIGS. 5, 6, and
7 1llustrate times when the engine’s 10 speed and torque are
above and below the boundary speed-torque curve 105.

[0091] FIG. S shows that the control system 100 may also
include a delay period 109. The delay period 109 1s a delay
before the second operation mode 102 1s activated despite the
soot loading being above the regeneration activation soot
threshold 103 and the engine’s 10 speed and torque dropping
below the boundary speed-torque curve 105. Accordingly, the
first operation mode 101 1s active during the delay period 109.

[0092] The activation of second operation mode 102 may
have a negative impact on responsiveness and performance.
Theretore, the activation of second operation mode 102 may
need to be avoided at times when an increase 1 engine 10
speed and torque are likely. Increases 1n engine 10 speed and
torque often immediately follow drops 1n engine 10 speed and
torque. For example, operators and machines often pause
alter completing a task belfore initiating another action or
switching gears.

[0093] As shown 1n FIG. §, the delay period 109 may be
used to improve transient response by the engine 10 by keep-
ing it 1n the first operation mode 101 during this pause. As
such, the delay period 109 helps reduce the likelihood that the
engine 10 speed and torque will return to above the boundary
speed-torque curve 105 because of these pauses shortly after
the second operation mode 102 1s activated. The delay period
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109 ends once the engine 10 speed and torque return above the
boundary speed-torque curve 105.

[0094] The delay period 109 also ends after a predeter-
mined or threshold amount of time greater than zero. In one
embodiment, the delay period 109 may be approximately 30
seconds. In other embodiments, the delay period 109 may be
between 0 and 50 seconds, greater than 10 seconds, or less
than 50 seconds. The length of the delay period may be
established based on experienced work conditions and there-
fore may vary greatly.

[0095] FIG. 6 also shows that the length of the delay period
109 may also change based on the level of soot loading. The
sootloading in FIG. 6 1s higher than 1n FIG. 53 when the engine
10 dropped below the boundary speed-torque curve 105.
Because of the higher soot loading, more priority 1s given to
regeneration of the DPF 54 than providing responsiveness for
a possible engine 10 speed and torque increase. Theretfore, the
length of the delay period 109 1s shortened. The length of the
delay period 109 may be shortened on a sliding scale as a
function of soot loading.

[0096] In one embodiment, the delay period 109 may be
shortened to approximately 3 seconds after the soot loading
increases by more than 10% over the regeneration activation
soot threshold 103. In other embodiments, the delay period
109 may be shortened to between 1 and 30 seconds, between
1 and 7 seconds, greater than 3 seconds, less than 3 seconds,
or zero seconds after the soot loading increases by more than
10% over the regeneration activation soot threshold 103. The
length of the delay period 109 may also change based on
machine implement status, machine gear, engine 10 idle, or
operator presence.

[0097] The delay period 109 may apply to all the regenera-
tion strategies 200 or may only apply to a portion of the
regeneration strategies 200 employed. In one embodiment,
the delay period 109 may only apply to the backpressure
valve strategy 210. Some embodiments of the control system
100 also may not include the delay period 109 or a delay
period 109 that changes.

[0098] FIG. 5 also shows that the control system 100 may
include a transition period 110. The transition period 110 may
be added at the end of the second operation mode 102 to
smooth the transition back to the first operation mode 101.
The transition period 110 may also be added between other
engine 10 calibration or operating mode changes.

[0099] During the transition period 110, the regeneration
strategies 200 are slowly changed from the second operation
mode 102 back to the first operation mode 101. This slow
change may lesson the change 1n noise, vibration, and/or
performance noticed by the operator during the change.

[0100] In one embodiment, the transition period 110 may
apply to the backpressure valve strategy 210. During the
second operation mode 102 the backpressure valve 44 1s
partially closed Immediately opening the backpressure valve
44 may cause a load noise and possible vibration as pressure
1s quickly released. Therefore, during the transition period
110, the backpressure valve 44 may be slowly opened to
release the pressure slowly. This slow release of pressure may
reduce the noise and vibration otherwise experienced as the
engine 10 returns to the first operation mode 101.

[0101] Whle the rate of backpressure valve 44 movement
may vary greatly, in one example the backpressure valve 44
may be moved at a rate to achieve full movement in a time
between 4 and 5 seconds during the transition period 110. In
other embodiments the backpressure valve 44 may be moved
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at a rate to achieve full movement in between 1 and 10
seconds, 3 and 6 seconds, grater than 5 seconds, greater than
2 second, or greater than 1 second. The rate at which the
backpressure valve 44 1s moved may vary depending on the
backpressure involved, mass airtlow, and a rate of acceptable
pressure release.

[0102] As seen 1n FIG. 6, this transition period 110 and
slow movement of the backpressure valve 44 may not always
be allowed because the transition period 110 may reduce
transient response of the engine 10. IT a load 1s placed on the
engine 10, causing the engine 10 speed and torque to exceed
the boundary speed-torque curve 105 and end the second
operation mode 102, then no or only a limited transition
pertod 110 may be included before returning to the first opera-
tion mode 101. In this situation the backpressure valve 44 will
be opened as fast as possible or faster than during the transi-
tion period 110.

[0103] Without transition period 110, the backpressure
valve 44 may achieve full movement in a time less than 1
second. In one embodiment, the backpressure valve 44 may
achieve 90% of 1ts Tull movement 1n 150 milliseconds when
no transition period 110 1s included. This fast opening may
cause a rapid decompression o pressure or pressure release in
the exhaust system 40. This rapid pressure decompression
may cause some noise and possible vibrations, but could be
mostly masked by the increasing engine 10 speed and torque.
In other embodiments the use of a transient period 110 may be
inhibited during a high rate of change 1n the engine 10 speed
and torque.

[0104] As seen1n FIG. 7, additional corrective action may
be taken 11 the soot loading in the DPF 54 rises above the
regeneration activation soot threshold 103 Various reasons
may cause this to happen, including extreme cold ambient
temperatures, high altitudes, sulfur deactivation of the DOC
53 or DPF 34 (discussed more below), engine 10 malfunction,
or unintended application installation configurations.

[0105] If the soot loading reaches a mild de-rate soot
threshold 111 that 1s above the regeneration activation soot
threshold 103 then the operator may be warned and the engine
10 put 1nto a reduced soot calibration 112. Use of the reduced
soot calibration 112 may be regardless of whether the engine
10 1s above or below the boundary speed-torque curve 105. In
some embodiments the mild de-rate soot threshold 111 may

be approximately 100%. In other embodiments, the mild
de-rate soot threshold 111 may be between 80% and 110%,
95% and 105%, greater than 90%, or greater than 100%.

[0106] The reduced soot calibration 112 reduces the
amount of soot produced by the engine 10 1n an effort to
reduce the soot loading in the DPF 54. The reduced soot
calibration 112 may not use all of the regeneration strategies
200 used 1n the second operation mode 102. In one embodi-
ment, the reduced soot calibration 112 closes the EGR valve
65 more than called for by the first operation mode 101 to
achieve reduced EGR flow. The decreased EGR flow may
increase combustion efficiency and reduce soot. Other
aspects of the first operation mode 101, however, may not be
changed by the reduced soot calibration 112.

[0107] Thereduced soot calibration 112 may also include a
mild de-rate 113 of the engine 10. The amount of fuel pro-
vided to the engine during the mild de-rate 113 may vary
depending on the specific engine (10) and specific installation
or application. The mild de-rate 113 of the engine 10 may
involve approximately 85% of the normal fuel amount being
provided to engine 10. In other embodiments, the mild de-rate
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113 of the engine 10 may mnvolve approximately between
50% and 95%, between 70% and 90%, or less than 95% ofthe
normal fuel amount being provided to engine 10. The degree
of mild de-rate 113 used may also be increased on a sliding
scale as the soot loading increases.

[0108] This reduced fuel amount during the mild de-rate
113 may also decrease engine 10 speed and help move the
engine 10 speed and torque under the boundary speed-torque
curve 105 (depending on load). It the engine 10 speed-torque
does go below the boundary speed-torque curve 105, then the
second operation mode 102 may be used.

[0109] Ifthesootloading reaches a full de-rate soot thresh-
old 114 that 1s above the mild de-rate soot threshold 111 then
the operator may again be warned and the engine 10 put 1nto
a full de-rate 115. The reduced soot calibration 112 described
above may or may not also be used. Use of the full de-rate 115
may be regardless of whether the engine 10 1s above or below
the boundary speed-torque curve 105. In some embodiments
the full de-rate soot threshold 114 may be approximately
120%. In other embodiments, full de-rate soot threshold 114
may be between 90% and 140%, 115% and 125%, greater
than 100%, or greater than 120%.

[0110] The full de-rate 115 may involve approximately
50% of the normal fuel amount being provided to engine 10.
In other embodiments, the full de-rate 115 of the engine 10
may mmvolve approximately between 20% and 80%, between

40% and 60%, or less than 70% of the normal fuel amount
being provided to engine 10.

[0111] Like the mild de-rate 113, the full de-rate 115 may
decrease engine 10 speed and help move the engine 10 speed
and torque under the boundary speed-torque curve 105 (de-
pending on load). If the engine 10 speed and torque does go
below the boundary speed-torque curve 105, then the second
operation mode 102 may be used.

[0112] If the soot loading reaches a shutdown soot thresh-
old 116 that 1s above the full de-rate soot threshold 114 then
an engine shutdown event 117 may occur. In some embodi-
ments the shutdown soot threshold 116 may be approxi-
mately 140%. In other embodiments, the shutdown soot
threshold 116 may be between 110% and 160%, 125% and
155%, greater than 110%, or greater than 140%.

[0113] An operator may also receive a warming and/or the
engine 10 may be de-rated 11 the second operation mode 102
1s being used more frequently than a predetermined or thresh-
old value or than expected.

[0114] The soot loading sensor 73 may not be calibrated
below a certain aftertreatment temperature. If the engine 10 1s
operating for an extended period of time below this aftertreat-
ment temperature the control system 100 may temporarily
modily the first operation mode 101 to raise the aftertreat-
ment temperature to get a reading from the soot loading
sensor 73. If the soot loading sensor 73 fails, then the soot
loading of the DPF 54 may be assumed to always be above the

regeneration activation soot threshold 103 and below the mild
de-rate soot threshold 111.

[0115] Incertain embodiments, the second operation mode
102 may be disabled during engine 10 warm up after engine
10 start-up. The second operation mode 102 may be disabled
for a predetermined or threshold amount of time after start-up
or until a predetermined or threshold coolant or o1l tempera-
ture 1s reached after start up. Combustion quality 1s often poor
alter engine 10 start-up and before the engine 10 warms up.
Activating the second operation mode 102 may degrade the
combustion quality even more.
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[0116] FIG. 8 shows that the control system 100 may also
include a hydrocarbon removal calibration 118. Engine 10
exhaust 1s also known to contain hydrocarbons (HC) that may
also be collected 1n the aftertreatment system 50 at tempera-
tures below the light off temperature of the catalyst. Most
hydrocarbons pass through the DOC 53 and DPF 54, but some
may be collected or stored on the catalyst. If allowed to build
up, the hydrocarbons will create white smoke when the
engine 10 speed and torque 1s increased and high exhaust flow
OCCUTrSs.

[0117] Above a hydrocarbon removal temperature 119,
hydrocarbons can be removed from the aftertreatment system
50. Above this hydrocarbon removal temperature 119 the
hydrocarbons react to form Carbon Dioxide (CO2) and Water
(H20). The hydrocarbon removal temperature 119 may be
approximately 180 degrees Celsius.

[0118] Because temperatures well above the hydrocarbon
removal temperature 119 are reached when the second opera-
tion mode 102 1s activated, the hydrocarbons will be removed
when the second operation mode 102 1s activated. The hydro-
carbons will also be removed anytime the engine 10 speed and
torque cause the aftertreatment temperature to exceed the
hydrocarbon removal temperature 119.

[0119] However, there are times when the aftertreatment
temperature does not exceed the hydrocarbon removal tem-
perature 119 for a long time and not enough soot 1s being
produced by the engine 10 to cause sullicient soot loading in
the DPF 54 to trigger the second operation mode 102. This
may occur i the engine 10 1s running at low 1dle or under low
loads for long periods of time. During these times, the hydro-
carbon removal calibration 118 may be used.

[0120] The hydrocarbon removal calibration 118 may be
similar to the second operation mode 102. However, the
hydrocarbon removal calibration 118 does not need to reach
as high of temperatures as the second operation mode 102 or
obtain the NOx/soot levels needed for DPF 54 regeneration.
Theretfore, the hydrocarbon removal calibration 118 may
employ fewer strategies and/or may employ the strategies to
less of a degree than the second operation mode 102. For
example, the hydrocarbon removal calibration 118 may only
involve between 0% and 70% less of a pressure diflerential
between the intake manifold 38 and the exhaust manifold 42
than the second operation mode 102 requires.

[0121] The control system 100 may also include a sulfur
detection routine 300 to detect sulfur deactivation. Sulfur
deactivation may be prevented or reduced through the use of
low or ultra-low sulfur fuel 21. The sulfur detection routine
300 detects when sulfur deactivation has occurred and there-
fore may provide an indication that low sulfur fuel was not
used.

[0122] As seen 1 FIG. 9, the sulfur detection routine 300
includes the engine 10 operating 1n a pre-regeneration cali-
bration 301, followed by a sulfur removal calibration 302,
followed by a post-regeneration calibration 303. The pre-
regeneration calibration 301, and the post-regeneration cali-
bration 303 may substantially embody the same regeneration
strategies 200 as the second operation mode 102. In one
embodiment, the pre-regeneration calibration 301 and/or the
post-regeneration calibration 303 1s 1dentical to the second
operation mode 102. The sulfur removal calibration 302, or a
variation of the sultur removal calibration 302, may also be
used alone, independent of the sulfur detection routine 300, to
remove sulfur. Strategies besides the regeneration strategies
200 may also be used by the sulfur detection routine 300. For
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instance, the desired aftertreatment temperatures in the sulfur
detection routine 300 may be achieved by influencing other
engine 10 operating parameters, fuel fired burners, electric
heaters, hydrocarbon dosing, and other techniques.

[0123] The sootloading sensor 73 measures the soot during
this sulfur detection routine 300 and the controller 71 deter-
mines whether the DOC 53 and DPF 54 have been deactivated

by sultur. Sulfur deactivation impacts the performance of the
DOC 53 and DPF 54. Sulfur 1n the fuel 21 forms SO2 during

combustion.

[0124] Thecatalyst onthe DOC 53 and DPF 34 oxidizes the
SO2 to form SO3, which i1s stored on the precious metal
catalyst. Sulfur may also be stored on the washcoat.

[0125] The sulfur stored on the DOC 53 and DPF 54 masks
reaction sites, decreasing the efficiency of the catalytic reac-
tion and thereby reducing the production of NOZ2. The
reduced production of NO2 reduces the rate at which the soot
burned. Because of this reduced rate of soot burning, the DPF
54 may begin to fail to regenerate above the boundary speed-
torque curve 105. Therefore the second operation mode 102
may be needed more often. Sulfur deactivation may also
cause the second operation mode 102 to become 1neffective.
Aftertreatment temperatures greater than 300 degrees Celsius
may be used to recover the reaction sites and drive off the
sulfur from the DOC 53 and DPF 54.

[0126] If the second operation mode 102 1s frequently
being used or the DPF 34 1s failing to regenerate, the sulfur
detection routine 300 may be used to determine 11 the cause 1s
sulfur 1n the fuel instead of another failure in the power
system 1. Such failures may include a deactivated DOC 53 or
DPF 54 or failure of another power system 1 component that
would cause the second operation mode 102 to be ineffective.

[0127] FIG. 9 shows a temperature profile during the sulfur
detection routine 300. To initiate the sulfur detection routine,
the DPF 54 needs a degree of sootloading. That degree of soot
loading may be greater than 80%. In other embodiments a
soot loading of greater than 90% may be needed. An operator
or service technician may initiate the sulfur detection routine
300 and 1t may be done as part of a service routine. In other
embodiments, the sulfur detection routine 300 may be done
automatically.

[0128] The sulfur detection routine 300 begins with the
pre-regeneration calibration 301. During the pre-regenera-
tion calibration 301 the target regeneration temperature 108
and the regeneration NOx/soot ratio 107 1s achieved as dis-
cussed above with regard to the second operation mode 102 to
regenerate the DPF 54.

[0129] During the sulfur removal calibration 302 the after-
treatment temperature rises to a desulphation temperature
305. The desulphation temperature 305 may be higher than
the target regeneration temperature 108 and may be between
300 and 300 degrees Celsius. In one embodiment, the des-
ulphation temperature 305 may be between 400 and 450
degrees Celsius.

[0130] The sulfur removal calibration 302 may run for an
amount of time to remove all or some of the sulfur for the
DOC 53 and DPF 54. The temperature may be controlled by
the difference between intake and exhaust manifold pressure
and/or the aftertreatment inlet temperature sensor 74. If an
altertreatment temperature of higher than 500 degrees Cel-
s1us 1s reached the DOC 53 may be damaged unless palladium
or another high temperature stabilizer 1s added, as discussed
above. The desulphation temperature 305 may be above the
maximum aftertreatment temperature described above since
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the sulfur detection routine 300 1s rarely used and reaches the
desulphation temperature 303 for a relatively short amount of
time.

[0131] In some embodiments, strategies may be used to
maximize exhaust temperature and not the NOx/soot ratio to
achieve a reduced NOx/soot ratio 307 during the sulfur
removal calibration 302. This reduced NOx/soot ratio 307
may slow the rate of regeneration and avoid all the soot from
being removed during the sulfur removal calibration 302. In

one embodiment the reduced NOx/soot ratio 307 1s less than
35/1.

[0132] Next, the aftertreatment temperature decreases to
the target regeneration temperature 108 and the regeneration
NOx/Soot ratio 107 1s achieved during the post-regeneration
calibration 303 as discussed above to regenerate the DPF 54,
with a target regeneration temperature 108 of between 200
and 400 degrees Celsius being achieved.

[0133] The post-regeneration calibration 303 may run for a
predetermined or threshold amount of time or end only after
achieving the regeneration deactivation soot threshold 106. In
one embodiment, the pre-regeneration calibration 301 and the
post-regeneration calibration 303 may each be run for
approximately 30 minutes. The sulfur removal calibration
302 may be run for a predetermined or threshold amount of
time suificient to remove a substantial amount of sulfur. In
one embodiment, the sulfur removal calibration 302 may be
run for between 30 and 60 minutes. In other embodiments, the
sulfur removal calibration 302 may be run for less than 30
minutes.

[0134] FIG. 9 also shows a soot loading profile without
sulfur deactivation and a soot loading profile with sulfur
deactivation during the sulfur detection routine 300. The sul-
fur detection routine 300 compares a pre-soot removal rate
309 during the pre-regeneration calibration 301 with a post-
soot removal rate 311 during the post-regeneration calibra-
tion 303. If the post-soot removal rate 311 1s sigmificantly
faster or greater than the pre-soot removal rate 309 than sulfur
deactivation 1s determined to have occurred.

[0135] In other embodiments, a change 1n the rate of soot
removal during sultur removal calibration 302 may be used to
detect sulfur deactivation. If sulfur deactivation had occurred,
the rate of soot removal will increase over time as more and
more sulfur 1s removed. Other embodiments may also com-
pare the rate during the second operation mode 102 to an
expected rate, however these comparisons may not be accu-
rate because of other uncontrolled changes.

[0136] The soot loading sensor 73 may need a high level of
resolution, responsiveness, and/or accuracy to make the use
of the second operation mode 102 a practical method of
regenerating the DPF 54. The soot loading sensor 73 may
need the capability of operating over a wide operating range
of soot loadings. For instance, a pressure differential soot
loading sensor may only work at higher loads and therefore
may not be sulficient to trigger the second operation mode
102 at the regeneration activation soot threshold 103 of 90%
or terminate the second operation mode 102 at the regenera-
tion deactivation soot threshold 106 of 80%. The pressure
differential soot loading sensor may also only work at higher
engine 10 speed and torque or exhaust mass air tlows and
therefore may not be sufficient to trigger the second operation
mode 102 when the engine 10 speed and torque 1s below the
boundary speed-torque curve 105. An oxidation model may
not provide the level of accuracy needed with potentially long
intervals between regenerations. A responsive and accurate
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soot loading sensor 73 1s also needed by the sulfur detection
routine 300 to determine and compare rates of regeneration.
[0137] An RF sensor may provide the level of resolution,
responsiveness, and accuracy needed by the soot loading
sensor 73. However, the present disclosure does contemplate
that a wide variety of soot loading sensors 73 may be
employed, including the pressure differential soot loading
sensor and an oxidation model.

INDUSTRIAL APPLICABILITY

[0138] The description above discloses a number of differ-
ent items. A power system 1s disclosed comprising an engine
that produces exhaust, a fuel system that 1njects a fuel into the
engine, an aftertreatment system that treats the exhaust, and a
controller. The aftertreatment system includes an oxidation
catalyst that converts NO from the engine into NO2, a par-
ticulate filter that traps soot from the engine, and a sensor that
provides an indication of the amount of soot 1n the particulate
filter. The controller increases a engine fuel injection pressure
by the fuel system when the amount of soot 1n the particulate
filter 1s above a threshold. The controller may change addi-
tional power system operating parameters to raise the tem-
perature of the exhaust to achieve an aftertreatment tempera-
ture greater than 200 degrees Celsius. The power system may
also 1include an exhaust system that routes the exhaust from
the engine to the aftertreatment system and a backpressure
valve disposed 1n the exhaust system, wherein the backpres-
sure valve at least partially closes when the amount of soot 1n
the particulate filter 1s above a threshold. The power system
may also include an exhaust gas recirculation system that
recirculates the exhaust from the engine back to an intake of
the engine and an exhaust gas recirculation valve disposed in
the exhaust gas recirculation system, wherein the exhaust gas
recirculation valve partially closes when the backpressure
valve at least partially closes. The fuel system may inject a
main shot of fuel and the controller may change a timing of
the main shot of fuel when the amount of soot 1n the particu-
late filter 1s above a threshold. The fuel system may also 1nject
a main shot of fuel and the controller may add an additional
shot of fuel before or after the main shot of fuel when the
amount of soot 1n the particulate filter 1s above a threshold.
The controller may increase the engine fuel injection pressure
or fuel rail pressure when an engine speed and torque are
below a threshold speed and torque curve.

[0139] A power system 1s also disclosed comprising an
engine that produces exhaust, an aftertreatment system that
treats the exhaust, and a controller. The aftertreatment system
includes an oxidation catalyst that converts NO from the
engine mto NO2, a particulate filter that traps soot from the
engine, and a sensor that provides an indication of the amount
ol soot in the particulate filter. The controller changes oper-
ating parameters of the power system to raise a NOx/soot
rat10 1n the exhaust to greater than 35/1 when the amount of
soot 1n the particulate filter 1s above a threshold. The control-
ler may also change power system operating parameters to
raise the temperature of the exhaust to achieve an aftertreat-
ment temperature greater than 200 degrees Celsius. The con-
troller may also increase an engine fuel injection pressure
when the amount of soot 1n the particulate filter 1s above a
threshold. The power system may also include an exhaust
system that routes the exhaust from the engine to the after-
treatment system and a backpressure valve disposed 1n the
exhaust system, wherein the controller at least partially closes
the backpressure valve when the amount of soot 1n the par-
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ticulate filter 1s above a threshold. The power system may also
include an exhaust gas recirculation system that recirculates
the exhaust from the engine back to an intake of the engine
and an exhaust gas recirculation valve disposed in the exhaust
gas recirculation system, wherein the controller closes the
exhaust gas recirculation valve when the backpressure valve
at least partially closes. The fuel system may inject a main
shot of fuel and the controller may change a timing of the
main shot of fuel when the amount of soot 1n the particulate
filter 1s above a threshold. The fuel system may 1nject a main
shot of fuel and the controller may add an additional shot of
tuel betfore or after the main shot of fuel when the amount of
soot 1n the particulate filter 1s above a threshold. The control-
ler may change the operating parameters of the engine when
an engine speed and torque are below a threshold speed and
torque curve.

[0140] Also disclosed 1s a power system comprising an
engine, a fuel system, an aftertreatment system, and a con-
troller. The aftertreatment system includes an oxidation cata-
lyst configured to convert NO from the engine into NO2, a
particulate filter configured to trap soot from the engine, and
a sensor configured to provide an indication of the amount of
soot 1n the particulate filter. The controller 1s configured to
increase an engine fuel injection pressure when the amount of
soot 1n the particulate filter 1s above a threshold. The control-
ler may be further configured to change additional power
system operating parameters to achieve a aftertreatment tem-
perature greater than 200 degrees Celsius. The power system
may also include an exhaust system configured to route
exhaust from the engine to the aftertreatment system and a
backpressure valve disposed 1n the exhaust system. The back-
pressure valve may be configured to at least partially close
when the amount of soot in the particulate filter 1s above a
threshold. The power system may also include an exhaust gas
recirculation system configured to recirculate the exhaust
from the engine back to an intake of the engine and an exhaust
gas recirculation valve disposed in the exhaust gas recircula-
tion system. The exhaust gas recirculation valve may be con-
figured to close when the backpressure valve at least partially
closes. The fuel system may be configured to 1nject a main
shot of fuel and the controller may be configured to change a
timing of the main shot of fuel and add an additional shot of
tuel betfore or after the main shot of fuel when the amount of
soot 1n the particulate filter 1s above a threshold. The control-
ler may also be configured to increase the engine fuel injec-
tion pressure when an engine speed and torque are below a
threshold speed and torque curve.

[0141] Also disclosed 1s a method of temporarily raising a
NOx/soot ratio 1n an exhaust produced by an engine to greater
than 35/1 by at least 1n part increasing a engine fuel injection
pressure. The method may also include one or more of: clos-
ing a backpressure valve disposed 1n an exhaust conduit,
closing an exhaust gas recirculation valve disposed 1n an
exhaust gas recirculation system that recirculates the exhaust
from the engine back to an intake of the engine, changing a
fuel 1njection timing of when a main injection of fuel 1s
injected 1nto the engine relative to the position of a piston 1n
the engine, and injecting a shot of fuel either before or after
the main 1njection wherein the shot of fuel 1s smaller than the
main mjection. The NOx/soot ratio in the exhaust may also be
raised when an engine speed and torque are below a threshold
speed and torque curve and an amount of soot 1n a particulate
filter recerving the exhaust 1s above a threshold. The tempera-
ture of the exhaust may be raised to achieve an aftertreatment
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temperature greater than 200 degrees Celsius when the NOx/
soot rat1o 1n the exhaust 1s raised. The NOx/soot ratio may
also be raised to greater than 50/1.

[0142] A power system 1s also disclosed comprising an
engine that produces exhaust, an aftertreatment system that
treats the exhaust and 1ncludes a particulate filter that traps
soot from the engine, and a controller configured to perform
a sulfur detection routine that conducts a pre-regeneration
calibration to achieve a temperature 1n the aftertreatment
system ol between 200 and 400 degrees Celsius and follow-
ing the pre-regeneration calibration conducts a sulfur removal
calibration to achieve a temperature i1n the aftertreatment
system of between 300 and 3500 degrees Celsius. The after-
treatment system may 1nclude an oxidation catalyst that con-
verts NO from the engine into NO2 upstream of the filter.
Following the sulfur removal calibration, the sulfur detection
routine may conduct a post-regeneration calibration to
achieve a temperature in the aftertreatment system of between
200 and 400 degrees Celsius. The power system may also
include a sensor that provides an indication of the amount of
soot 1n the particulate filter. Readings from the sensor may be
used to indicate that at least one of the oxidation catalyst and
the particulate filter have been deactivated by sulfur. The
pre-regeneration calibration and post-regeneration calibra-
tion may achueve a NOx/soot ratio 1n the exhaust of greater
than 35/1. The pre-regeneration calibration, sulfur removal
calibration, and post-regeneration calibration may include at
least one of the following strategies: increasing a engine fuel
injection pressure, partially closing a backpressure valve dis-
posed 1n an exhaust conduit, closing an exhaust gas recircu-
lation valve disposed 1n an exhaust gas recirculation system
that recirculates the exhaust from the engine back to an intake
of the engine, changing a fuel injection timing of when a main
injection of fuel 1s 1mjected into the engine relative to the
position of a piston 1n the engine; and 1njecting a shot of fuel
cither before or after the main injection wherein the shot of
tuel 1s smaller than the main 1njection. A rate of soot removal
during the pre-regeneration calibration may be compared
against a rate of soot removal during the post-regeneration
calibration to indicate that at least one of the oxidation cata-
lyst and the particulate filter have been deactivated by sulfur.
The pre-regeneration calibration may be conducted immedi-
ately before the a sulfur removal calibration and the post-
regeneration calibration may be conducted immediately after
the a sultur removal calibration. The pre-regeneration cali-
bration, the sulfur removal calibration, and the post-regenera-
tion calibration may be conducted for a predetermined
amount of time. The sulfur detection routine may be triggered
by an operator. The sulfur detection routine may be enabled
when the amount of soot 1n the particulate filter 1s sufficient to
avold removal of all the soot during the sulfur detection
routine.

[0143] Also disclosed 1s a power system comprising an
engine that produces exhaust, a fuel system that injects a tuel
into the engine, an aftertreatment system that treats the
exhaust and includes a particulate filter that traps soot from
the engine, and a controller configured to perform a sulfur
detection routine. The controller conducts a sulfur removal
calibration to achieve a temperature i1n the aftertreatment
system ol between 300 and 500 degrees Celsius and follow-
ing the sulfur removal calibration conducts a post-regenera-
tion calibration to achieve a temperature in the aftertreatment
system between 200 and 400 degrees Celsius. The aftertreat-
ment system may also include an oxidation catalyst that con-
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verts NO from the engine into NO2 upstream of the filter and
a sensor that provides an indication of the amount of soot 1n
the particulate filter. Readings from the sensor may be used to
indicate that at least one of the oxidation catalyst and filter
have been deactivated by sulfur.

[0144] Also disclosed 1s a power system comprising an
engine, an aitertreatment system including a particulate filter,
and a controller. The controller 1s configured to perform a
sulfur detection routine that conducts a pre-regeneration cali-
bration to achieve a temperature in the aftertreatment system
of between 200 and 400 degrees Celsius, and following the
pre-regeneration calibration conducts a sulfur removal cali-
bration to achieve a temperature in the aftertreatment system
ol between 300 and 500 degrees Celsius. Following the sulfur
removal calibration, the sultfur detection routine may conduct
a post-regeneration calibration to achieve a temperature in the
altertreatment system of between 200 and 400 degrees Cel-
s1us. The power system may also iclude a sensor configured
to provide an indication of the amount of soot in the particu-
late filter and readings from the sensor may be used to indicate
that at least one of an oxidation catalyst and the particulate
filter have been deactivated by sulfur. A rate of soot removal
during the pre-regeneration calibration may be compared
against a rate of soot removal during the post-regeneration
calibration to indicate that at least one of the oxidation cata-
lyst and the particulate filter have been deactivated by sulfur.
The pre-regeneration calibration may be conducted immedi-
ately before the sulfur removal calibration and the post-re-
generation calibration may be conducted immediately after
the sulfur removal calibration. The pre-regeneration calibra-
tion, the sultur removal calibration, and the post-regeneration
calibration may be conducted for a predetermined amount of
time.

[0145] Also disclosed 1s a method of detecting sulfur 1n an
altertreatment system treating an exhaust from an engine. The
method comprises comparing a rate of regeneration of a par-
ticulate filter after removing the sulfur against a rate of regen-
eration of a particulate filter before removing the sulfur. The
method may include removing the sulfur by raising a tem-
perature ol the exhaust to achieve a temperature 1n the after-
treatment system of between 300 and 500 degrees Celsius.
The regeneration of the particulate filter may 1include raising
a NOx/soot ratio 1n the exhaust to greater than 35/1 and
raising a temperature of the exhaust to achieve a temperature
in the aftertreatment system of between 200 and 400 degrees
Celsius. The regeneration of the particulate filter may also
include at least one of the following strategies: increasing a
engine fuel 1njection pressure; partially closing a backpres-
sure valve disposed 1n an exhaust conduit; closing an exhaust
gas recirculation valve disposed 1n an exhaust gas recircula-
tion system that recirculates the exhaust from the engine back
to an intake of the engine; changing a fuel injection timing of
when a main injection of the fuel 1s imjected into the engine
relative to the position of a piston 1n the engine; and injecting
a shot of fuel either betfore or after the main 1njection wherein
the shot of tuel 1s smaller than the main imjection. The method
may be enabled when an amount of soot 1n the particulate
filter 1s sufficient to avoid removal of all the soot during
removal of the sulfur.

[0146] A power system 1s also disclosed comprising an
engine that produces exhaust, a particulate filter that traps
soot from the engine, and a controller that switches the power
system from a first operation mode into a second operation
mode to regenerate the particulate filter wherein a transition
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between the first operation mode and the second operation
mode occurs at a slower rate when an amount of soot 1n the
particulate filter changes relative to a threshold than when a
load on the engine changes. The second operation mode may
include an actuating of a regeneration valve and the regen-
eration valve may actuate at the slower rate when the amount
ol soot 1n the particulate filter changes relative to the thresh-
old than when the load on the engine increases. A transition
from the second operation mode back to the first operation
mode may occur at the slower rate when the amount of soot in
the particulate filter falls below the threshold than when the
load on the engine increases. The second operation mode may
include a closing of a regeneration valve and the regeneration
valve may open at the slower rate when the amount of soot in
the particulate filter falls below the threshold than when the
load on the engine increases. The regeneration valve may be
a backpressure valve disposed 1n an exhaust conduit routing
the exhaust. The backpressure valve may open in greater than
one second when the amount of soot in the particulate filter
falls below the threshold and the backpressure valve may
open 1n less than one second when the load on the engine
increases. The backpressure valve may open 1n greater than
two seconds when the amount of soot 1n the particulate filter
talls below the threshold and the backpressure valve may
open 1n less than one second when the load on the engine
1ncreases.

[0147] A power system 1s also disclosed comprising an
engine that produces exhaust, an exhaust conduit routing the
exhaust, a backpressure valve disposed 1n the exhaust con-
duit, and a controller that actuates the backpressure valve at a
first rate under a first condition and actuates the backpressure
valve at a second rate faster than the first rate under a second
condition. The backpressure valve may actuate at the first rate
after 1t 1s no longer needed and may actuate at the second rate
when the backpressure valve would inhibit a power demand
on the engine. The power system may also include a particu-
late filter that traps soot 1n the exhaust and the backpressure
valve may be used to regenerate the particulate filter. The
backpressure valve may be no longer needed once the par-
ticulate filter no longer needs regeneration. The backpressure
valve may close to regenerate the particulate filter and may
open at either the first or second rate. The backpressure valve
may open at the first rate when an amount of soot in the
particulate filter falls below a threshold and the backpressure
valve may open at the second rate when a load on the engine
increases. The first rate may actuate the backpressure valve in
greater than one second and the second rate may actuate the
backpressure valve 1n less than one second.

[0148] Also disclosed 1s a method of controlling a power
system comprising operating the power system in a first
operation mode, operating the power system in a second
operation mode to assist regeneration of a particulate filter,
transitioming the power system from the second operation
mode to the first operation mode over a first period of time 1n
response to an amount of soot 1n the particulate filter falling
below a threshold, and transitioming the power system from
the second operation mode to the first operation mode over a
second period of time less than the first period of time 1n
response to a load on the power system increasing more than
a threshold amount. The second operation mode may include
actuating a regeneration valve and the regeneration valve may
actuate over a period of time greater than one second 1n
response to the amount of soot 1n the particulate filter falling
below a threshold and actuating the regeneration valve over a
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period of time less than one second 1n response to aload on the
power system 1ncreasing more than a threshold amount. The
second operation mode may include closing a regeneration
valve and the regeneration valve may open over a period of
time greater than one second in response to the amount of soot
in the particulate filter falling below a threshold and may open
over aperiod of time less than one second 1n response to a load
on the power system increasing more than a threshold
amount. The regeneration valve may be a backpressure valve
disposed 1n an exhaust conduit. The backpressure valve may
open over a period of time greater than one second inresponse
to the amount of soot in the particulate filter falling below a
threshold and may open over a period of time less than one
second 1n response to the load on the power system increasing,
more than a threshold amount. The power system may operate
under the second operation mode after an amount of soot in
the particulate filter 1s above a threshold and the load on the
power system 1s below a threshold amount for a current
engine speed.

[0149] A power system 1s also disclosed comprising an
engine that produces exhaust, a particulate filter that traps
soot from the engine, and a controller that switches the power
system from a first operation mode into a second operation
mode to regenerate the particulate filter 1n response to a load
on the engine changing and a threshold amount of time
greater than zero passing after the load on the engine changed.
The controller may switch the power system from the first
operation mode into the second operation mode when the
load on the engine decreases below a threshold for a current
engine speed. The controller may also switch the power sys-
tem from the first operation mode into the second operation
mode when the load on the engine decreases below a thresh-
old for a current engine speed and an amount of soot 1n the
particulate filter 1s above a threshold. The second operation
mode may also include a closing of a regeneration valve. The
regeneration valve may be a backpressure valve disposed in
an exhaust conduit routing the exhaust. The second operation
mode may include one or more of: closing a backpressure
valve disposed 1n an exhaust conduit of the engine; increasing
a engine fuel ijection pressure; closing an exhaust gas recir-
culation valve disposed in an exhaust gas recirculation system
that recirculates the exhaust from the engine back to an intake
of the engine; changing a fuel injection timing of when a main
injection of fuel 1s imjected into the engine relative to the
position of a piston in the engine; and injecting a shot of fuel
either before or after the main injection wherein the shot of
tuel 1s smaller than the main 1njection. The threshold amount
of time may be greater than ten seconds. The threshold
amount of time may also decrease as an amount of soot 1n the
particulate filter rises. The threshold amount of time may be
greater than ten seconds and decrease to less than ten seconds
if the amount of soot 1n the particulate filter 1s more than 10%

above the threshold.

[0150] A power system 1s also disclosed comprising an
engine that produces exhaust, an exhaust conduit routing the
exhaust, a backpressure valve disposed in the exhaust con-
duit, and a controller delaying operation of the backpressure
valve after an engine load changes. The operation of the
backpressure valve may be delayed for a period of time
greater than ten seconds. The controller may operate the
backpressure valve to regenerate a particulate filter disposed
in the exhaust conduit. The controller may also operate the
backpressure valve after an amount of soot in the particulate
filter exceeds a threshold. The operation of the backpressure
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valve may be delayed for a period of time that decreases as the
amount of soot1n the particulate filter rises beyond the thresh-
old. The operation of the backpressure valve may also be
delayed for a period of time greater than ten seconds 11 the
amount of soot 1n the particulate filter 1s within 3% of the
threshold and a period of time less than ten seconds if the
amount of soot 1n the particulate filter 1s more than 10% above
the threshold.

[0151] Also disclosed 1s a method of controlling a power
system comprising operating the power system under a first
operation mode, detecting a change 1n load on the power
system, waiting a threshold amount of time greater than zero
after detecting a change in load on the power system, and
operating the power system under a second operation mode to
assist regeneration of a particulate filter after waiting the
threshold amount of time. The method may also include
detecting an amount of soot in the particulate filter, and oper-
ating the power system under the second operation mode after
waiting the threshold amount of time and after detecting the
amount of soot 1s above a threshold. The threshold amount of
time may be greater than ten seconds 11 the amount of soot in
the particulate filter 1s within 5% of the threshold and may
decrease to less than ten seconds 11 the amount of soot 1n the
particulate filter 1s more than 10% above the threshold. The
change 1n load on the power system may be a decrease 1n load
below a threshold amount for a current engine speed. The
second operation mode may include closing a backpressure
valve disposed 1n an exhaust conduit.

[0152] Although the embodiments of this disclosure as
described herein may be incorporated without departing from
the scope of the following claims, 1t will be apparent to those
skilled 1n the art that various modifications and variations can
be made. Other embodiments will be apparent to those skilled
in the art from consideration of the specification and practice
of the disclosure. It 1s intended that the specification and
examples be considered as exemplary only, with a true scope
being indicated by the following claims and their equivalents.

What is claimed 1s:

1. A power system comprising;:

an engine that produces exhaust;

an aftertreatment system that treats the exhaust and
includes a particulate filter that traps soot from the
engine; and

a controller configured to perform a sulfur detection rou-
tine that:
conducts a pre-regeneration calibration to achieve a tem-

perature 1n the aftertreatment system of between 200
and 400 degrees Cels1ius; and

following the pre-regeneration calibration conducts a
sulfur removal calibration to achieve a temperature 1n
the aftertreatment system of between 300 and 500

degrees Celsius.

2. The power system of claim 1 wherein the aftertreatment
system further includes an oxidation catalyst that converts
NO from the engine into NO2 upstream of the filter.

3. The power system of claim 2 wherem following the
sulfur removal calibration the sulfur detection routine con-
ducts a post-regeneration calibration to achieve a temperature
in the aftertreatment system of between 200 and 400 degrees
Celsius.

4. The power system of claim 3 further including a sensor
that provides an 1ndication of the amount of soot 1n the par-
ticulate filter.
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5. The power system of claim 4 wherein readings from the
sensor are used to indicate that at least one of the oxidation

catalyst and the particulate filter have been deactivated by
sulfur.

6. The power system of claim 5 wherein the pre-regenera-
tion calibration and post-regeneration calibration achieves a
NOx/soot ratio 1n the exhaust of greater than 35/1.

7. The power system of claim 6 wherein the pre-regenera-
tion calibration, sulfur removal calibration, and post-regen-
eration calibration include at least one of the following strat-
egl1es:

increasing a engine fuel injection pressure;

partially closing a backpressure valve disposed in an

exhaust conduait;

closing an exhaust gas recirculation valve disposed 1n an
exhaust gas recirculation system that recirculates the
exhaust from the engine back to an intake of the engine;

changing a fuel 1mnjection timing of when a main 1njection
of fuel 1s injected 1nto the engine relative to the position
of a piston 1n the engine; and

injecting a shot of fuel either before or after the main
injection wherein the shot of fuel 1s smaller than the
main mjection.

8. The power system of claim 5 wherein a rate of soot
removal during the pre-regeneration calibration 1s compared
against a rate of soot removal during the post-regeneration
calibration to indicate that at least one of the oxidation cata-
lyst and the particulate filter have been deactivated by sulfur.

9. The power system of claim 8 wherein the pre-regenera-
tion calibration 1s conducted immediately before the a sulfur
removal calibration and the post-regeneration calibration 1s
conducted immediately after the a sulfur removal calibration.

10. The power system of claim 8 wherein the pre-regen-
eration calibration, the sulfur removal calibration, and the
post-regeneration calibration are conducted for a predeter-
mined amount of time.

11. The power system of claim 9 wherein the sulfur detec-
tion routine 1s triggered by an operator.

12. The power system of claim 11 wherein the sulfur detec-
tion routine 1s enabled when the amount of soot 1n the par-
ticulate filter 1s suilicient to avoid removal of all the soot
during the sulfur detection routine.

13. A power system comprising:
an engine that produces exhaust;
a Tuel system that injects a fuel into the engine;

an aftertreatment system that treats the exhaust and
includes a particulate filter that traps soot from the
engine; and

a controller configured to perform a sulfur detection rou-
tine that:

conducts a sulfur removal calibration to achieve a tem-
perature 1n the aftertreatment system of between 300
and 500 degrees Celsius; and

following the sulfur removal calibration conducts a post-
regeneration calibration to achieve a temperature 1n
the aftertreatment system between 200 and 400

degrees Celsius.

14. The power system of claim 13 wherein the aftertreat-
ment system further includes an oxidation catalyst that con-
verts NO from the engine into NO2 upstream of the filter and
a sensor that provides an 1indication of the amount of soot 1n
the particulate filter.
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15. The power system of claim 14 wherein readings from
the sensor are used to indicate that at least one of the oxidation
catalyst and filter have been deactivated by sultur.

16. A method of detecting sulfur 1n an aftertreatment sys-
tem treating an exhaust from an engine, the method compris-
ing comparing a rate of regeneration of a particulate filter
alter removing the sulfur against a rate of regeneration of a
particulate filter before removing the sulfur.

17. The method of claim 16 wherein removing the sulfur
includes raising a temperature of the exhaust to achieve a
temperature 1n the aftertreatment system of between 300 and
500 degrees Celsius.

18. The method of claim 17 wherein the regeneration of the
particulate filter includes raising a NOx/soot ratio in the
exhaust to greater than 35/1 and a temperature of the exhaust

to achieve a temperature in the altertreatment system of
between 200 and 400 degrees Celsius.
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19. The method of claim 18 wherein the regeneration of the
particulate filter further includes at least one of the following
strategies:

increasing a engine fuel injection pressure;
partially closing a backpressure valve disposed in an
exhaust conduit;
closing an exhaust gas recirculation valve disposed 1n an
exhaust gas recirculation system that recirculates the
exhaust from the engine back to an intake of the engine;
changing a fuel 1mnjection timing of when a main 1njection
of the fuel 1s injected into the engine relative to the
position of a piston in the engine; and
injecting a shot of fuel either before or after the main
injection wherein the shot of fuel 1s smaller than the
main mjection.
20. The method of claim 16 enabled when an amount of
soot 1n the particulate filter 1s suificient to avoid removal of all
the soot during removal of the sulfur.
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