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TURBOUHARGER BOOST CONTROL USING EXHAUST PRESBSURE

ESTIMATED FROM ENGINE CYLINDER PRESSURE

CROSS REFERENCE TO RELATED APPLICATIONS

N This application claims the benel! of the filing date of United

Slates Provisional Application serial number 81/478,125 filed April 22,

TECHNICAL FIELD

10083 The field to which the disclosure generally relates includes
sngine control and disgnostics using measurements of engine cylinder
Drassurs.

BACKGROUND

03] An intemal combustion engine includes engine oylinders and
may include pressurs sensors in communication with the cylinders o
measure combustion pressure within those cylinder

SUMMARY OF ILLUSTRATIVE EMBODIMENTS OF THE INVENTION

100043 One embodiment of 8 method includes sensing pressure

within an enging cyiinder, estimating sxhaust pressure based on the

sensed  pressure  within the engine ovlinder, and  controlling

turbocharger boost pressure based on the estimated exhaust pressure.
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{6005} Anather embodiment of a method of designing an engine
system includes providing an engine system including one or more
engine cylinder pressure sensors and one or more ofher enging system
sensurs; operating the engine system; sensing engine cylinder
gressure using the engine cylinder pressure sensors, which are in
communication with an engine cylinder of an engine of the engin
systeny, sensing exhaust pressure at & lurbocharger turbine inlet using
the other engine system sensors; comelating the engine oylinder
pressure to the exhaust pressure; and using sngine oyviinder pressure
to raplace or augment the exhaust pressure.

0008} Yet another embodiment of & method includes delermining 8
boost pressure deviation between a boost pressive saipoint and an
aciual Doost pressure, producing a closed-loop exhaust pressure
setpoint adiustment in response to the boost pressure deviation, and
producing an open-loop exhaust pressure selpoint from inputs of the
poost pressure setpoint and an exhaust gas recirculation parametey,
The methoo aiso includes combining the closed-loop exhaust pressure
setpoint adiustment with the open-loop exhaust pressurs ssipoint {o
produce an exhaust pressure sefpoint, and delermining an exhaust
pressure deviation between the exhaust pressure seifpoint and an
exnaust pressure estimate that is eslimated from actual cylinder
pressure.  The method further includes producing a closeddcop
furbocharger command  adjustment in response fo the exhaust
pressure devialion, producing an open-loop twbocharger command

from an input of the exhaust pressure sefpoint, and combining the
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closed-loop turbocharger command adjustment with the open-ioop
turbocharger command o produce a turbocharger command.

{0007 An additional embodiment of a method includes determining
a hoost pressure deviation bstween a boost pressure sefpoint and an
actual boost pressure, and producing an exhaust pressure setpoint in
response io the boost pressure deviation. The method also includes
determining an exhaust pressure deviation between the exhaust
pressure setpoint and an exhaust pressure estimate that is estimated
from actual cylinder pressure, and producing a twbocharger command

i response {o the exhaust pressurs deviation.

k]
[#2]
5ol
[=]

3

]

A further embodiment of a2 computer program product
includes a compulerreadable medivm  including  instructions
executable by & compuisr-controlled engine system o cause the
system {0 implement @ method according fo any one of the preceding
method embodiments.

{0008} Another embediment may include a product including at least
one engine cylinder pressure sensor o measwre engine cylinder
pressure, and at least one {wbocharger boost pressurs sensor o
measure turbocharger boost pressure. The product alsg includes at
least one memory device storing program instructions and dats, and at
least one conirol system coupled io the sensors and memory and
responsive 1o the program instructions for causing the computer-
controlled system to perform a method according to any one of the

preceding method embodiments,

Lo
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R T Cther ilusirative embodiments of the present invention wiff
become apparent fom the detalled description provided hereinafier. i
showld be understood thal the delailed description and specific
gxamples, while disclosing Hustrative embodiments of the invention,
are intended for purposes of ilustration only and are not intended fo

fimit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
{8011} Hustrative embodiments of the present invention will become
more  fully undersfood from the detalled description and the
accompanying drawings, wherein:
LR Fig. 1 ilustrates an embodiment of an internal combustion
engine system with a muitituds of sensors;
o1 Fig. 2 dusirates another embodiment of an infemnal

combustion engine system with fewer sensors than the embodiment of

FB014Y Fig. 3 Hustrates an embodiment of a twrbocharger boost

control architecture.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

,,m,
5]
[]
P

il

Py

The following description of the embodiments is mersly
fustrative in nature and is In no way infended {o Imit the invention, s
application, or uses.

N According to a firs! embodiment of a method, pressure is

sensed within an engine oylinder, and at least one other engine system
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parameter is estimated based on the sensed pressure. In other words,

engine cylinder pressure may be used as a proxy for other engine

12

ystem parameters. Therefore, sensors for the other engine system
parameters may be omilled or al least disgnosed using cyiinder
pressure data. Cylinder pressure dafe may also be used to diagnose
engine sysiem components for failure, damags, corrosion and the ke

et} Referring now to Fig. 1, the method may be used in
conjunction with an internal combustion engine system 10, in general,
the system 10 includes an infernal combustion engine 12 1o develop
mechanical powsr from combustion of 2 mixture of air and fuel, an
intake or aspiration system 14 to provide air fo the engine 12, and an
exhaust system 16 to convey combustion gases generally away fom
the engine 12. Alsg, the system 10 may include a turbocharger 18 in
communicalion across the aspiration and exhaust systems 14, 18 o
campress air for combustion fo increase engine oulput.  The
turbocharger 18 may be a variable geomely wwbine type of
tubocharger. Those skifled in the art will recognize that a fue! sysiem
{not shown} may be used fo provide fusl o the engine, and that a
controfler (not shown) may include one or more suitable processors
and memory to carry oul al least some porfions of the methods

disclosed herein.

o The infernal combustion engine 12 may be any sultable type
of engine, such as an aufcignition engine ke a diese] engine. The
internal combustion engine 12 may use any type of suitable liquid or

gaseocus fuel. The engine 12 includes cylinders 25 and pistons in a

L%
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biock {(not separately shown) that, along with a oylinder fead {not
separately shown), define combustion chambers (not shown). The
engine 12 may also include several sensors, For example, an of
presswre sensor 20 may be provided in the block fo measure engine of
pressure, as well a8 an engine speed andlor position sensor 22 o
measure the rotational spesd andfor position of an engine cranksha®
{not shown). Also, & coolant temperature sensor 24 may be provided
in the block o measure the tempsrature of engine coolant fowing
therethrough.

004 The engine 12 may include & number of engine oyiinge
pressure sensors 28 in communication with the sngine oylinders 28 {o
measure pressure therainn, The presswe sensors 28 may be located In
mmediate communication with the engine cylinders 25, such as for
estimating parameters related to the enging’s combustion curve. The
engine cylinaer pressure sensors 26 may be separate devices or may
be integrated hto other devices, such as glow plugs.

[o028] Also, the pressure sensors 28 may be located in upstream o

downstream commurnication with the engine cylinders 25, such as f

2

sslimating parameters related 10 the engine’s gas exchangs pressure

71

curve {g.¢. during opening of intaks and exhaust valves). For example,
{he pressure sensors 26 may be placed in upstream communication in
any suifable location in the aspiration syster 14, such as I
communicgtion with the intake manifold 38, In ancther exampile, the

pressure sensors 28 may be placed in downstream communication in
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any suftable loration in the exhaust system 18, such as I
communication with the exhaust manifold 50.

0021} Although the cylinder pressure sensors 28 may be used in
accordance with the methods described herein, typically they have
been used {o enhance engine system control andfor dlagnostics. As
will be described further herein below, the methods described hersin
take advardage of the existence of these cylinder pressure sensors 28
o estimate various other engine system parameters, such as
paramelers that are normally measuwed or assessed using other
dedicated snging sensors.

{002} The aspiration system 14 may include, in addition to suilable

condul and connectors, an alr fiter 28 fo fHler incoming air, 8

cool the comprassed ain, and g thyolle valve 34 o tivottle the

Cad
35
ik g
(]
)

fow of the cooled alr. The aspiration system 14 may also include an
infake manifold 38 {o receive the throflled alr and distribute # to the
combustion chambers of the engine 12.

{6023} The aspirstion system 14 may also include a number of
sensors. For exampis, an intake manifold pressure sensor 38 may be
provided in communication with the intake manifold 38 to measurs the
pressure of air flowing o the engine cylinders 25, and a temperature
sensor 40 to measure the tfemperature of air flowing to the cylinders 25,
& mass air fow sensor 42 and ambient femperature sensor 44 may be
placed downstream of the air §iter 28 and upstream of the turbocharger

comprassor 30, A speed sensor 48 may be suitably coupled o the
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turbocharger compressor 30 fo measure the rofational speed thereof.
A throttie position sensor 48, such as an integrated angular position
sensor, may be used to measure the position of the throtlle valve 34

00243 The sxhaust system 16 may include, in addition to suitsbie
conduif and connectors, an exhaust manifold 50 to collest exhaust
gases from the combustion chambers of the engine 12 and convey
them downslream to the rest of the exhaust system 18, The exhaust
system 16 may also include a turbocharger furbine 52 in downsiream
communication with the exhaust manifold 80, a catalvic converder 54
such as a close-coupled diese! oxidation catalyst (DOC) device, and &
turbe wastegale valve 58 to condrol bypass of exhaust gases around
the wrbocharger turbine 52 to the DOC unit. Algo, the exhaust system
16 may include a nifrogen oxide (NOx) adsorbey unit 58 upstream of &
soof fiter 80, which may be upstream of an exhaust tailpipe 82.

{0025 Additionally, the exhaust and/or aspivation system(s} 18, 14
may include an exhaust gas recirculation (EGR) apparatus 64 o
recirowlate exhaust gas from the exhaust manifold 50 of the sngine 12
o the intake manifold 36 of the engine 12. The BEGR apparatus 64
may ihclude an EGR cooler bypass valve 88 in downstream
communication with the exhaust manifold 50 to control recirculation of
exhaust gases back to the intake manifold 38, an EGR cooler 88
downstream of the EGR cooler bypass valve 86 fo cool EGR gases,

and an EGR valve 70 1o control flow of the EGR gasss. The EGR

apparatus 84 may also include an EGR mixing unit 72 In

communication with the EGR valve 70 8t 5 loccation downstream of the

{33
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throtlle valve 34 and upstream of the intake manifold 38 fo mix EGR

gases with the throtlied air.

2

0028] The exhaust system 16 may further include a number of
sensors. An exhaust pressurs sensor 27 may be placed just upstream
of a furbocharger turbine inlet to measure exhaust pressure. A position
sensor 74 may be disposed in proximity to the trbocharger 18 o
measure the position of the variable geometry twrbine, and a8 NOx
sensor 75 may be placed downstream of the turbine 52. Temperature
sensors 78, 78 may be placed upstream and downsiream of the
cataiytic converter §4 1o measure the temperature of exhaust gases &
e inlet and outlet of the catalylic converler 84. An oxygen ({4} sensor
80 may be placed upstream of the adsorber unit 58 to measure oxygen
i the exhaust gases. One Or more pressirg sensors 82 may be
placed across the soot filler 80 to measure the pressure drop
thereacross. A lalipipe temperatire sensor 84 may be placed just
upstream of a {alipipe outle! to measure the temperature of the exhaust
gases axiting the exhaust system 16. Finally, a posilion sensor 88 may
be used o measurs the position of the EGR cooler bypass vaive 58,
and ancther position sensor 88 may be used v measure the position of
tha EGR valve 70

0027 iy addiion v the sensors shown and discussed hersin, any

other suilable sensors and thelr associated parameters may be

encompassed by the presently disclosed methods. For example, the
sensors could also include accelerator pedal sensors, vehicle speed

SQNSOTS, powertrain speed sensors, fiter sensors, flow sensors,
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vibration sensors, knock sensors, inlake and exhaust pressure
seneors, furbocharger spesd and noiss sensors, andlfor the ke
Moreover, other engine system paramsters may be encompassed by
the presently disclosed metheds, including turbocharger sfficiency,
somponent fouling or balancing problems, filler Ipading, Diesel
Particulate Filter (DPF) regeneration status, EGR rate, high pressure
(HP} and tow pressure (LP) EGR fraclion or ratio, cylinder charge mal-
aistribution, andfor the fike. in other words, any sensors may be used
o sense apny suitable physical parameters including  electrical,
mechanical, and/or chemical parameters. As used herein, the term
sensor includes any suitable hardware and/or software ussd fo sense
any engine system parameter,

100281 Alse, as used herein, NP EGR may include a high pressire
exhaust gas regircudation path between exhaust and  induction
subsystems upsiream of a twrbocharger furbine and downstream of a
trbocharger compressor, and LP EGR may include a low gressure
exhaust gas recivculation path betwesn exhaust and induction
subsystems downsiream of the twbocharger wwrbing and upstream of
the lwrbocharger compressor. A farget fotal EGR fraction may be
determined for compliance with exhaust emissions criferia, and 3 target
HPAP EGR ratio may be determined {o oplimize other enging system
criteria within the constraints of the determined target ifotal EGR
fraction,

fogzm The estimated parameters may be quantitative, qualiiative,

andfor existential in nature. More specifically, numerical parameter
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valuss may be eslimated, qualitative parameters may be ssiimatsd
such as component maifunction, and sxistential parameters may be
estimated such as absence or presence of components or of authentic
components.  Alse, values of the parameters may be absoluls or
relative numerical values, values thal indicate absence or prasence
such as 0 or 1, or any sultable indications for a paramster of any kind.

003G According to ancther embodiment, a method is provided for
dasigning an engine system.  According fo the method, an engine
system may be provided and includes one or more sngine ovlinder
presswre sensors and one or more other engine system sensars. For
example, the above-described engine system 10 could be used. Next
the engine syslem may be operated, For example, the engine system
may be operated in an instrumented vehicle on a vehicle test frack, on
a dynamometer, in an emissions test laboratory, andior the like.
Duwring engine syslem operation, cylinder pressure may be sensed
using engine cylinder pressure sensors in communication with engine
cylinders of an engine of the engine system. Then, other engine
system parameters may be sensed using the cther engine system
sensors, Values for any or all of the sensed parameters may b storsd
it any suitable manner for subsegquent data analysis.

08311 The parameters may be analyzed or evaluated fo correlate
engine oyiinder pressuwre o ofher engine system parameter. Such
correlgtion may be carrled out in any suitable fashion. For example,
cylinder pressure may be formulaically relsted to the other engine

system parameters.  In ancther example, cylinder pressure may be

11
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dirsctly or indirecily refated o the other engine system parameters. In
any case, where cylinder pressure is found to reliably corelate to any
other engine sysiem parameter, that covelation may be modsied
formulaically, empirically, scoustically, and/or the like. For example,
empirical models may be developed from suitable testing snd can
include [ookup tables, maps, and the like that may cross referance
cylinder pressure with other engine system parameters.

{0038 Accordingly, engine cviinder pressure measuremenis sre
used as a proxy for and, thus, fo replace or augment measurements of,
other engine system parameters that corelste o engine cvlinder
pressure,  Although oylinder pressure al any given moment during
engine operation may be measured, one preferred aspect includes
using non-combustion oylinder prassure measurements such as pre-
combustion and/or post-combustion presswre.  More parficularly,
engine cylinder pressure may be sensed just before combustion, but
substantially when compression i complete, for use with engine

system parameters that correlate with such oyvlinder pressure.

s

0033} in a first example, the other engine system parameter may
be a posifion of a8 mechanical device such as g valve. bMore
particularly, the mechanical device position may ba variable geometry
turbine position, which may be proporiional {o intake manifold pressure
and may be formulaically evaluated or estimated based on engine

cyiinder pressure using the following equation:

o
o etV

)3") = P

o ki

Sk

Lo
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whers:

Poyp = oyiinder pressure before combustion, after compression [Pal;

Praxe™ iitake manifold pressure [Pal;

CR = compression ratio = VitV )V Idimensionisss], wherein
Vs, Vee = swept volume, and clearance velume (m°]; and

K = ratic of specific heat of air [dimensionless],

{0034} In a second example, engine system parameiers may be
estimated based on engine system acoustics. More particularly, the
frequency content of the cylinder pressure sensor signals may be
analyzed or evaluated to sstimate the other engine system parameters.
For example, the frequency specirum of the oylinder pressure sensor
signals or portions thereof may be analyzed to determine the position
of @ mechanical valve using Fouwrder anslysis, Laplace analysis,
Wavelst analysis, andfor the ke, Also, such preprocessing may be
coupied with, for example, modetbased or arfificial inteligence
approaches Hke newral networks o evaluale relationships between
sensed engine cylinder pressure and at least one other engine system
paramsier,

10038} Many engine sysiem sub-systems and componenis may be
designed to be easily monitored by their acoustic response behavior,
and such acoustic responses may be analyzed and may include
acoustic signatures.  iIn facl, engine system componenis may be
designed o exhibi a particular acoustic signature, which the cylinder

pressure sensor{s) may be designed {o recognize.  The acoustc

s

signature may include one or more of ampiitude, freguency, or

vansient chargoteristics, i is also contemplated that cylinder pressure

13
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sensor signals may be used fo recognize changss of the acoustic
signatures of the sub-systems and components and therefore detect
status changes. For example, frequency analysis of eylinder pressure
waves could De used o identity counterfell sub-systems and
components, or {0 determineg when a sub-system or componant is
maifunclioning or is broken. Moreover, such frequency analysis may
be used {o sense any changes in geomelry In an aspiration or exhaust
system in terms of actuation, fouling, and damage.

0038} in ancther embodiment, a pressure sensor or any other
acoustic measwring device which is suited to monitor pressive may be
placed elsewhere on or in various engine system components {8.g. in
the intake or exhaust path) or in the engine compariment to estimate
various engine system paramsters. In other words, the oyiinder
prassure sensors may be replaced or supplemsnted with pressurs
sensors upsiream or downsiream of the oylinders,

0037} in a third example, the other engine system paramster may
be & fSuld condifion.  More parficularly, the fluid condition may be
femperaiure of alr in an engine intake manifold, which is related o

cylinder pressure and is formulaically estimated using the following

squations:
T T ST
1 beforecombuyiion T Eims;w win R
where
h ;/" — "T{T f’\naﬁ N e ﬁ 3G
* = defny | opmbistion & o= v '

3
3&»

“ p Befire.odmdusing

urs - comBistion

where:

e
g
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CR = compression ratio;

k = ratio of specific heat of air;

R = air specific gas constant kAkg*®;
P = combustion chamber pressure [kPaj;
cyiinder clearance volume Im®);

<
I

o = aiy density [kg/m™}; and

ét

combustion chamber temperature KL

{0038} According fo the above, the engine coylinder pressive
sensors may be used as a check on certain other engine system
sensors such as for engine system diagnostics {e.g On Board
Diagnostics - OBD) or the fike, or the engine cylinder pressure sensors
may be used fo omit those other engine system sensors alfogether. In
ofher words, engine cylinder pressure may be used not necessarily o
mprove engine performance, bt rather fo enhance reliablity of
measuring engine system parameters and/or eliminate costly sensors
from the engine systam, as depicted below in Fig. 2

0039] Fig. 2 fiustrates another embodiment of an  intemsl
combustion engine system 210, This embodiment is similar in many
respects to the embodiment of Fig. 1 and the description of the
commion subiect matter generally may not be repeated here. in fact,
the system 210 is nearly identical fo the system 10 of Fig. 1, except
many of the sensors of the Fig. 1 aystem 10 are omitted based on the
above-described method. One difference includes pressure sensor
26, which instead of or in addition fo the sensors 28 in dirsct
communication with the engine cylinders 25, may he placed upstream
and/or downsiream of the engine oylinders 28 in the intake andfor

exhaust system(s) 14, 18,

18



WO 2012/145476 PCT/US2012/034195

100487 Accaordingly, many sensors may be eliminated, thersby
saving on thelr cost and weight.  Alternatively, the sensors may be
refained, and the cylinder pressure estimate of the sensors anticipated
value may be used as a diagnostic on the other sensor. In this falfer
case, a dire®? piece part cost reduction {8 not achieved, however,
simpler and more robust diagnostic sigorithms may be used which can
save development time and fesing as well as engine controller
mamaory and computing tme.

100417 in another embodiment of a method that may be carried ot
i the Blustrative systems 10 andfor 210 of FIGS. | andfor 2, pressure
within an engine cylinder is sensed, and exhaust pressure is estimated
based on the sensed pressure.  The sexhaus! pressure may be an

estimate of exhaust pressure at an inlet of the turbocharger trbine 52.

]

he exhaust pressure may be formulaically estimated using the
following eouation:

P

£ =
* expenat » E\ oyl man

"pf:‘fﬁ {{}}9 1’}

whers:

Peamaner™ exhaust manifold pressure [Pa);
Foy = cylinder pressure before combustion, after compression [Paj;
Potmex = Maximum oylinder pressure over the current combustion

cycle [Paj;

& = exhaust valve apsning angle {fme could be substituted for &);
Pail6) = cylinder pressure when the engine i in the position where the
exhaust valves are operny;, and

¥ = angine revolutions per minute.

16
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0042} FIG. 3 dlustrates another Hllustrative embodiment of a
frbocharger control system or archifecture 310 that may be used
wholly or partially to implement one or more turbocharger control
methods.  This embodiment s similar in many respects o the
smbodiment of FIGS. 1 and 2 and ike numerals between the
embodiments generally designate like or comesponding slements
throughout the several views of the drawing figures. Additionally, the
descriptions of the embodiments are incorporated by reference into
one ancther and the common subject matter generally may not be
repeated here,

0043Y The architecture 310 or method may ilude closed-loop
control, or open-loop and closed-loop contrel, of a turbocharger device
312, which may be an actuator for a variable geometry turbine, an inlet
valve, a bypass or wastegate valve, or any other sultable device. The
architeciure alse may include an sngine 314 that may include ong or
more rocharger boost pressure sensors 315 placed i any suitabls
tocation and one or more cylinder pressure sensors 318, The boost
pressure sensof(s) 316 may produce one of more sighals for actual
boost pressure, and the cylinder pressure sensor(s) 318 may produce
one of more signais for use as an exhaust pressurs estimate 320, For
exampie, the estimated exhaust pressure may b an estimate of
exhaust pressure at 8 twhocharger turbine infet. The exhaust pressure
estimate 320 may be produced by & model, calculation, sguation,

formuda, circull, andfor any other suitable device, expedient, ar the ke,

e
n, -J
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{0044} The archifecture 310 or method may include a boost
pressure selpoint 322, a first arithmetic node 324 to produce a
deviation between the setpoint 322 and the actual boost pressure from
the sensor(s} 318, and a boost pressure clossed-loop controller 326 that
may produce a closeddoop exhaust pressure sefpoint {or sefpoint
agiustment {n the lustrative dual control embodiment) in response fo
the boost pressure deviation. The architecture 310 also may include
an exhaust gas recirculglion {EGR) pearameter 328 and a boost

ressure open-ioop controller 330 that may produce an open-loop

>

o0

xMauist pressure satpoint in response to the boost pressure setpoint
322 and the EGR parameter 328. In an Hustrative dusl conirel
smbodiment, the open-ioop controller 330 produces 2 base sseipoint
and the closed-loop controlier 328 produces a seipoint adjusiment 1o
the bass seipoint,

f0045} i one example, the EGR paramster 328 may includs an
EGR adiustment factor. For instance, the EGR adjustment factor may
be used fo adapt the open loop controller 330 based on & current ar
target total EGR fraction for the engine. This may be useful because
EGR can affect the actual exhaust pressure necessary o achieve a

givenn boost pressure sefpoint.  More specifically, the open Joop

controfier 330 could be adjusted according to the EGR adjusiment
factor so that at highsr {e.g. HP) EGR rates, the open loop exhaust
wressure set-point wouid be higher for a given boost sebpoint, for

exampie, {o compensate for exhaust lost due to the HP EGR joop.
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10048] it a dual, open-loop and closed-ioop, control embodiment, a
second arithmetic node 332 may be used {o receive the closed-oop
exhaust pressure sefpoint adjustment and the open-ioop exhaust
pressuve setpoint from the confrollers 328, 330 and produce an

exhaust pressure sefpoint.  The node 332 may perform any suilable
arithmetic operalion on the selpoints like summing, superimposing,
averaging, and/or any other suitable combination. n an Hlustrative
closed-oop only embodiment, the node 332 is omitted and an exhaust
pressure selpoint is fed downstream from the controller 328,
{0047} in ancther embodiment, a third arithmellc node 334 may

receive an exhau gssure setpoint from the controller 328 or the
t

=3

ode 332 and the exhaust pressure sstimate 320 and produce an
exhiaust pressure devigtion that may be used ss inpul to an exhaust
pressure closed-loop controller 338, The closed-loop controller 338
may produce as output a closed-loop actuator position command or
setpaint for the turbocharger device 312

{60487 in an Hustrative dual control embodiment, the exhaust
pressure setpoint from the node 332 is input o an exhaust pressure
cparioop conlfrolier 338 that, in response therelo, may produce as
output an open-loop loop actuator position command or sefpoint for the
wrbocharger device 312, it an Hlustrative dual control embodiment,
the open-loop condrolier 338 produces a base selpoint and the closed-
icop controller 338 produces a sefpoint adiustiment fo the base

setpoint.
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{0048} Also in an fllustrative dual contrel embodiment, & fourth
arithmetic node 340 may be used fo receive the closed-loop

5

urbocharger command adjustment and the open-loop turbocharger

ke

command and produce a turbocharger command for input to the
turbocharger device 3120 The node 340 may perform any suifable
arithmetic operation on the selpoints lke summing, superimposing,
averaging, and/or any cther suitable combination. In an Hustrative
closed-loop only embodiment, the node 340 is omitted and a clossd-
loop twrbocharger command is fed downstream from the controlisr 338
to the turbocharger device 312

10080 The closed-loop conirollers 326, 338 may include one or
more of proportional controllers, proporfionabimtegral controliers,
proportional-derivative  controllers,  proporfional-integral-derivative
controflers, or any other sullable types of controliers that may be
separate, of integrated in one controller or on one processar in any
suitalde manner. The open-loop controllers 330, 338 may include ong
ar more of system models, EGR modsls, exhaust models, or any other
suitable modsls. As indicated by dashed arrows, the conirollers 330,
338 may receive as additionsl input, one or more additional parameters
of any suitable fype.

{0081] The architecture 310 alse may include one or more memory
devices 327 thal may be part of or coupled in any suitsble manner fo
one or more of the controliers 328, 330, 338, 338.

6052} According to an Hlustrative embodiment of a twrbocharger

yrerg

dual control, a method may include determining & boost pressure
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deviation between a boos! pressure selpoint and an actual boost
pressure, producing & closeddoop  exhaust pressure  selpoint
adjiustment in response {o the boost pressure deviation, and producing
an openoop exhaust pressure selpoint fom nputs of the boost
presswre seipoint and an exhaust gas recirculation parameter, The
method also may include combining the closed-oop exhaust pressurs
seipoint adjusiment with the open-loop exhisust pressure selpoint o
produce an exhaust pressure selpoint, and delermining an exhsust
pressure deviation befween the exhaust pressure setpoint and an
exhiaust pressive estimate fhat s estimated from actual oviinder
pressure.  The method further may include producing a closed-lnop
turbocharger command in respanse o the exhaust pressure deviation,
producing an open-loop furbochargey command from an inpud of the
exhaust pressyre setpoint, and combining the clesed-loop and open-
ioop turbocharger commands o produce a furbocharger comnand,
0083 According to an iHlustrative embodiment of a turbocharger
closed-loop anly control, a method may include determining a boost
pressure deviation between a boost pressure selpoint and an actual
boost pressure, and preducing an exhaust presswre sefpoint in
response fo the boost pressure deviation. The method alse may
include determining an exhaust presswe deviation bstween the
exhaust pressure seipoint and an exhaust pressure estimate that is
sstimated from actual cylinder pressure, and producing a turbocharger

command in response 1o the exhaust pressure deviation.
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fOOs4 The engine system, of 8 portion thereof disclosed hersin
may include a control system to receive and process input the various
sensor in Hght of sfored instructions andfor data, and fransmit oulput
signais various actuators including the turbocharger device 312, The
control system may include, for example, an slecirical circuit, an
electronic circult or chip, andfor a computer. In an ilustrative computer
ambodiment, the control system gsnerally may include one or more
processars, memory devices that may be coupled to the procsssor{s),
and one or more interfaces coupling the processor{s) to one or more
otwer devices. Although not shown, the processor(s) and ofher
powared system devices may be supplied with elactricity by a powsr
supply, for example, one or more batteries, fus! cells, or the like.

JOO5S] The processor may execute instructions that provide at least

b//

some of the funclonality for the disclosed sysiem and methods. As
used herein, the ferm instuclons may includs, for example, contral
fogic, computer software andior firmware, programmable instructions,
or other suitable instrucions. The processor may include, for example,
one oF more microprocessors, microcenirollers, applicalion specific
irtegrated circuits, programmable logic devices, feld programmable

gate arrays, and/or any other sultable type of electronic processing

{60581 Also, the memory device may be configured to provide
storage for data received by or loaded to the engine system, and/or for
processor-execiiable nstructions.  The data andior instructions may

K3

be stored, for example, as look-up tables, formulas, algorithms, maps,
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models, andfor any other sultable format. The memory may include,
for example, RAM, ROM, EFROM, and/or any other suitable fype of
storage article andfor device,

{8087 Further, the interfaces may include, for example,
anglog/digital or  digital/analog  converters, signal  conditioners,
ampiifiers, fillers, other electronic devices or software modules, andlor
any other suifable inferfaces. The interfaces may condorm o, for
example, R8-232, parallel, small computer system interface, universal
serial bus, CAN, MOSYT, LN, FlexRay, andior any other suitable
orotocoi(s). The interfaces may include circuits, software, Sirnware, or
any other device to assist or enable the controller in commumnicating
with other devices,

{0088} The method or parts thereof may be implemented n a
computer program product including instructions carrled on & computer
readable medium for use by one or more processors of one or more
compulers o implement one or more of the method steps.  The
computer program product may iclude ong or more soffware
programs comprised of program instructions in source code, object
cede, executable code or other formats, one or more firmware
programs; of hardware description language (MDL) files; and any
program relsted data. The data may include data structures, look-up
iables, or data in any other suitable format. The program instructions
may include program  modules, routines, programs, objects,

components, and/or the like, The compuler program may be exscuted

A
£ad



WO 2012/145476 PCT/US2012/034195

on one computer of on multiple computers in communication with one
another.

0058 The program(s} can be embodied on computer readable
media, which can include one or more storage devices, articles of
ranufacture, or the ke, llustrative computer readable media includs
compuier syslem memory, e.g. RAM (random access memory), ROM
{read only memory), semiconductor memory, e.g. EPROM (srasable,
programmable ROM), EEPROM (electrically erasable, programmable
ROM), flash memory, magnetic or oplical disks or tapes; andlor the
fixe. The computer readable medium may aiso include computer to
computer connections, for sxample, when data is tansferred o
provided aver a network or ancther communications cormection {gither
wired, wirgless, or a combination thereof). Any combination(s) of the
above examples {8 also included within the scope of the computer-
readable media. s therefore to be understond that the method may
be & least parlially performed by any electronic articles andfor devices
capable of executing instructions corresponding to one or more steps
of the disclosed methods.

10080} Although embodiments and components or acls may be
desgritbed  herein  in specific  Mlusitrative  arrangements  and/or
combination the scope of the invention includes any combination of
such components and acls.

{0081} The foliowing is a description of select embodiments {(which
include reference numbers) are within the scope of the invention.

However, the invention is not limited o the specific embodiments
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described hersafter, and cach embodiment may be used alone or in
arny combination with any other embodimenti(s) or elemeants thereof.

0063} Embodiment 1 may include a method including sensing

g,

pressure within an engine cylinder; estimating exhaust pressure based
on the sensed pressure within the engine cylinder; and controfiing
turbocharger boost pressure based on the estimated exhaust pressure.
10083 Embodiment 2 may include a method as set forth in embodiment
1 wherein the exhaust pressurs is formulaically estimated using the

following eguation:

P — ST
F e = J 1S cy}_»mm‘ n*

RENRY

where:!
Paaust = 2xXhaust manifold pressure;
Poe = cylinder pressure before combustion, alter

,3
£%)

compression;
Py max = maximum cylinder pressive over the ourrent
combustion cycle;
& = exhaust valve opening angle;
Pen{8) = cylinder pressure when the enging i3 in the
position where the exhaust valves are open; and
¥ = engine revolutions per minule,

{0o8g) tmbodiment 3 may include a process as se! forth in one o
more of embodiments 1-2 wherein the sstimated exhaust presswe is
exhaust pressure at a furbocharger turbine indet.

{0085} Embodiment 4 may include a methoed of designing an engine
system, including: providing an engine system including one or more

engine cylinder pressure sensors and one or more other engine system

B
(551
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sensors; operating the engine system; sensing engine ovlinder
pressure using the engine cylinder pressure sensors, which are in
communication with an engine cylinder of an engine of the engine
system; sensing exhaust pressure at a turbocharger turbine infet using
e other engine system sensors; comelating the engine cylindsr
pressure 1o the exhaust pressure; and using engine oylinder pressure
0 replace or augment the exhaust pressure,

{0066] Embodiment 8 may include a methed as set forth in embodiment
4 wherein the ane or more other engine sysiem sensors includes an
exhaust pressure sensor {0 measurs the exhaust pressure.

0oy Embodiment § may inciide a method including: determining a
boost pressure devialion Detween a boost pressure sefpoint and an
actual boost presswre, producing a closed-loop exhaust pressure
setpoint adjustment in response o the boost pressure deviation;
producing an open-ioop sxhaust pressure sefpoint from inputs of the

booest pressure selpoint and an sxhaust gas recirculation parameter

combining the closed-loop exhaust pressure sefpoint adjiustment with
the cpen-loop exhaust pressure seipoint fo produce an exhaust
pressure selpoint, determining an exhaust pressurs devialion between
the exhaus! pressure selpoint and an exhaust pressure sstimate that is
estimated from actual cylinder pressure; producing a closed-loop
turbocharger command adjustment in response fo the exhaust
pressure deviation, producing an open-loop turbocharger cormmand

Fom an input of the exhaust pressure selpoint and combining the
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closed-loop turbocharger adjusiment with the open-ioop furbocharger
command {o produce a turbocharger command,

10088 Embodiment 7 may include g method as set forth in embodiment
8, and further including sensing coviinder presswre i an engine
compustion chamber o provide the actual oviinder pressure; and
sensing trbocharger boost presswrs o provide the actual boost
presse.

16088 Embodiment 8 may include a method including determining a
poost pressure deviation between a boost pressure setpoint and an
actual boost pressure; producing an exhaust pressurg setpoint in
response o the boost pressure deviation, determining an exhaust
pressure devialion between the exhaust presswre sefpoint and an
exhiaust pressure estimate that & estimated Fom actual cylinder
pressure; and producing & turbocharger command in response to the
exhaust pressure deviation,

[0078] Embodiment 8 may include a method as set forth in embodiment
8, and further including sensing cylinder pressure in an engine
combustion chamber o provide the actual oylinder pressure; and
sensing twrbocharger boost pressure o provide the actual boost
pressure.

(80T Embodiment 10 may include a2 method as sst forth in
gmbodiment 8, wharein the slep of producing an exhaust pressure
setpoint includes using an exhaust pressure closed-foap controler, and
the step of producing & turbocharger cormmand includes using a boost

prassure closed-loop contrafier.
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ure Embodiment 11 may include a computer program product
including & compulerreadable medium  including  instructions
execulable by a computercontrolled engine system o cause the
system {o implement a method according o any one of the preceding
ambodiments.

feo73} Embodiment 12 may nclude & product, including at least one

=

s

engine cyiinder pressure sensor to measure engine cylinder pressure;
at least one turbocharger boost pressure sensor o measure
turbocharger boost pressure; at least one memory device storing
program instructions and data; at lsast one conlrad system coupled to
the sensors and mamory and responsive fo the program instructions
for causing the ocomputer-controlied sysiem o perform a method
according 1o any one of embodiments 1 through 11

{0074) Embodiment 13 may Hwlude a product as set forth in
smbodiment 12, wherein the at least one control system includes a
voost pressure closed-loop coniroller, and an sxhaust pressure closed-
oop confrolier.

ROTH Embodiment 14 may iclude a produst as sef Torth in
embodiment 13, wherein {he at least one control syslem is a dual
control system also including a boost pressure openyoop controlier,
and an exhaus! pressure apen-oop controlier.

T0O7E] The above description of embodiments of the invention is merely
Hustrafive in nature and, thus, varistions thereof are not to be regarded

as a departure from the spirit and scope of the invention.
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CLAIMS
What is claimed is
1. A method comprising:
sensing pressuwve within an sngine cylinder;
gstimating exhaust pressure based on the sensed pressur
within the engine cylinder; and
confrolling tWwrbocharger boost pressurs bassd on the estimated

gxhaust pressure.

2. A method as set forfh in olaim 1, wherein the exhaust pressure

i formulaically estimated using the following equation

‘!W‘J"U = f{ oyl st cy.l {8}‘ V}
where:

Paowsust = xhaust manifold pressure
Pon = oylinder pressure before combustion, after compression,
Popmax = maximum cylinder presswve ovey the cumrent combustion

oycie;

& = exhaust valve opening angle;

Fol8) = cylinder pressure when the engine is in the position where the
exhaust valves gre opan; and

v = enging revoiutions per minute.

3 The method of claim 1, wherein the sstimatad exhaust gressure

{

is exhaust pressure at a twrhocharger furbine inlet,
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4. A method comprising:
determining a8 boost pressure deviation between a boost
pressure sefpoint and an actual boost pressure;

producing an exhaust pressure setpoint in response o the boost
pressure devialion;

determining an exhaust pressure deviation betwveen the exhaust
pressure selpoint and an exhaust pressure estimate that & estimated from
actual cyiinder pressure; and

groducing & turbocharger command in responss o the exhaust

pressure deviation.

5 A method as sef forth in claim 4, further comprising:

sensing cylinder pressure in an engine combustion chamber to
provide the actual eylinder pressure; and

sensing turbocharger boost pressurs to provide the actual boost

pressure.

8. A method as set forth in claim §, whereln the step of
producing an exhaust pressure sefpoint includes using an exhaust pressure
ciosed-loop controfler, and the step of producing a turbocharger command

ncludes using a boost pressure closed-loop controlier.
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7. A method comprising:
delermining & boost pressure deviation between a boost
pressure setpoint and an actual boost pressurs:
producing a closed-loop exhaust pressure setpoint adiustment in
responss to the boost pressure deviation:

producing an open-loop exhaust pressure setpeint from nputs of

the boost pressure selpoint and an exhaust gas recirculation parameter

combining the closed-loop exhaust pressure seipoint adiusiment

with the open-icop exhaust pressure selpoint to produce an sxhaust pressure

setpaing

determining an exhaust pressure deviation between the exhaust
gressure sefpoint and an exhaust presswre sstimate thet s estimated from
actual oylinder pressure;

producing & closed-ioop twrbocharger command adiustment in
response 1o the exhaust pressure deviation;

producing an open-loop turbocharger command from an input of
the exhaust pressure sefpoint and

combining the closed-loop turbocharger adjiusiment with the

open-toop Wbocharger command {o produce the lurbocharger command.

8. A methoed as sat forth in claim 7, further comprising:
sensing cylinder pressure in an enging combustion chamber to
provide the actual cylinder pressure; and

sensing twrbocharger boost pressure 10 provide the actual boost
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4. A method as set forth in claim 1 further comprising using a
gompuier program o implement the method.
16, A product comprising:
at least one engine cylinder pressure sensor o measure engine
cyinder pressure;
af least one lwrbocharger boost pressure sensor o measure
furbocharger boost pressure;
at ieast one memory device storing program instructions and
data;
al least ons contral system coupled o the sensors and memaory
and responsive o the program instruclions for causing the compuler-

conirolied system to parform a msthoed according o claim 1.

vk
.

The preduct of claim 10, whersin the atf least one control system
noludes a boost pressure closed-loop controller, and an sxhaust pressure

closed-loop controller.

12.  The preduct of claim 11, wherein the at least one conirol system
is a dusl control systemm also including a boost pressure open-loop controller,

and an exhaus! pressure open-loop controller.
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