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METHOD OF ESTIMATING DURATION OF AUTO-IGNITION PHASE IN A
SPARK-ASSISTED COMPRESSION IGNITION OPERATION

This application claims the benefit of U.S. Provisional Application No.

61/821,102 filed May 8, 2013, the entirety of which is incorporated herein by reference.

Field

[0001] The present disclosure relates to a combustion control strategy for a Spark

Assisted Compression Ignition (SACI) engine control unit.

Background

[0002] Internal combustion engines generally fall into one of two categories. The two

categories are (i) spark ignition and (ii) compression ignition. Spark ignition engines

introduce a fuel/air mixture into combustion cylinders. The fuel/air mixture is then

compressed in a compression stroke and ignited by a spark plug. Gasoline engines such

as those found in automobiles are typically spark ignition engines. Compression ignition

engines introduce or inject pressurized fuel into a combustion cylinder when the cylinder

is in a condition referred to as "top dead center" (TDC). At this position, the cylinder is

close to its maximum compression. At the pressure and temperature within the cylinder

at TDC, the fuel is spontaneously ignited. Diesel engines are typically compression

ignition engines.

[0003] Each of the above identified categories of engines have advantages and

disadvantages. In general, gasoline engines produce fewer emissions but are less

efficient while diesel engines are more efficient but produce more emissions.



[0004] The search for a combustion concept which marries the benefits of both spark

ignition and compression ignition strategies has led to a concept called homogenous

Charge Compression Ignition (HCCI). The HCCI combustion process has been studied

for over two decades, and has shown significant promise as a potential technology for

automotive engines that can improve on the efficiency and emissions capabilities of

currently technologies. In this process, a homogeneous mixture of air, fuel and hot

exhaust gases is compressed till auto-ignition occurs. Combustion is initiated not by a

spark, but rather just through compression, and is governed by the in-cylinder

temperature and mixture composition. A significant amount of hot exhaust gas from the

previous cycle is usually trapped within the cylinder to enable this auto-ignition; however

other methods for initiating HCCI have also been tested, including increasing the

compression ratio and heating the intake air.

[0005] Another approach incorporates compression, but also relies upon spark ignition.

This approach is referred to as Spark Assisted Compression Ignition (SACI). SACI

combustion is mixed-mode form of combustion wherein a spark is used to initiate a

propagating premixed flame that consumes a portion of the fuel and air charge to provide

additional effective compression to the unburned mixture causing it to auto-ignite earlier

than it would otherwise, thus combining characteristics of conventional spark ignition

(SI) and compression ignition (CI) operation. The resulting heat release rate from SACI

combustion therefore is faster than SI but slower than HCCI.

[0006] Various control algorithms have been developed to control timing of various

operations in the combustion cycle in the various ignition approaches. In general, the

control algorithms obtain inputs from various sensors and control various components in



the engine system to optimize, for example, fuel efficiency, power, responsiveness, etc.

One such control system is disclosed in U.S. Patent Publication No. 2013/0073 173,

published on March 21, 2013, the entire contents of which are herein incorporated by

reference.

[0007] Because the SACI approach is a mixed approach, however, the control

algorithms which are used in other approaches are not optimized for characterizing the

SACI auto-ignition event. By way of example, the duration of the auto-ignition

combustion event is typically modeled as a function of the time or engine position at

which the initiation of the combustion event is determined to occur. That is, the

combustion duration is determined according to the following equation:

where " Α ΘΑΙ " is the auto-ignition combustion duration in time or crank angle, and

" ΘΑΙ " is the time or engine position at combustion initiation. The functional

dependence is typically assumed to be linear according to the following equation:

Α ΘΑΙ = αθΑΙ + b (2)

where a and b are parameters that can be fit according to operating characteristics. FIG.

1 depicts a chart 10 which plots the auto-ignition burn duration as a function of the start

of auto-ignition over a range of different conditions and control inputs that might be used

in SACI operation in reliance upon the foregoing equations. FIG. 1 shows that in SACI

operation, the duration of the auto-ignition phase is effectively decoupled from the start

of combustion and Equation (2) no longer holds.



[0008] In view of the foregoing, it would be advantageous to provide a more accurate

approach for modeling the duration of the auto-ignition phase in SACI operation. A

system including a method for more accurately predicting the duration of the auto-

ignition combustion phase of an internal combustion engine when operated in a SACI

mode would also be beneficial.

Summary

[0009] In order to fully characterize SACI combustion, information about each

combustion phase is required in addition to single features such as combustion phasing.

For physics based control algorithms, the duration of the auto-ignition phase should be

known. This disclosure presents a functional relationship for this auto-ignition burn

duration and other engine states typically used for control.

[0010] In accordance with one embodiment, an electronic control unit (ECU) for an

engine includes a physics-based characterization of SACI combustion with prediction of

auto-ignition duration based on unburnt temperature states.

[0011] In another embodiment, an ECU includes a real-time model based control

algorithm implemented in the ECU for control of SACI combustion.

[0012] In a further embodiment, a combustion engine system includes a combustion

engine, at least one controllable component operably connected to the combustion

engine, at least one sensor configured to sense a parameter associated with the

combustion engine, and an electronic control unit (ECU) operably connected to the at

least one controllable component and the at least one sensor, wherein the ECU is



configured to determine a temperature of an unburned mixture based upon the sensed

parameter, and control the at least one controllable component based upon the determined

temperature.

[0013] In yet another embodiment, a method of controlling a combustion engine system

includes generating temperature data corresponding to a temperature of an unburned

mixture within a combustion engine with an electronic control unit (ECU), and

controlling at least one controllable component with the ECU based upon the generated

temperature data.

Brief Description of the Drawings

[0014] The accompanying drawings illustrate various embodiments of the present

disclosure and together with a description serve to explain the principles of the

disclosure.

[0015] FIG. 1 depicts a chart of the dependence of auto-ignition duration on start of

auto-ignition for varying premixed combustion phases and initial thermal states;

[0016] FIG. 2 depicts a diagram of an internal combustion system including an

algorithm for predicting the duration of the auto-ignition combustion phase of an internal

combustion engine when operated in SACI mode; and

[0017] FIG. 3 depicts dependence of auto-ignition duration unburned temperature at

start of auto-ignition phase.

[0018] Corresponding reference characters indicate corresponding parts throughout the

several views. Like reference characters indicate like parts throughout the several views.



Detail Description of the Disclosure

[0019] While the systems and algorithms described herein are susceptible to various

modifications and alternative forms, specific embodiments thereof have been shown by

way of example in the drawings and will herein be described in detail. It should be

understood, however, that there is no intent to limit the systems and algorithms to the

particular forms disclosed. On the contrary, the disclosure is to cover all modifications,

equivalents, and alternatives falling within the spirit and scope of the disclosure.

[0020] Referring to FIG. 2, a SACI combustion engine system 100 is shown the

system 100 includes an engine 102, a fuel tank 104 with a fuel pump module, an exhaust

system 106, a super charger 108, a turbocharger 110, and an electronic control unit

(ECU) 112. A fuel pump 120 takes a suction on the fuel tank 104 and discharges to a

fuel rail 122. The fuel rail 122 feeds a fuel injector 124.

[0021] Air is supplied through an air mass meter 130 and the turbo charger 110 into the

super charger 108. A dump valve 132 controllably recirculates air to the inlet of the

turbocharger 110. A super charger control valve 136 is located in a bypass 138 of the

super charger 108. Air moves from the super charger 108 through an intercooler 140 and

an electronic throttle control 142 an into an intake manifold 144. An air supply solenoid

control valve 146, which in various embodiments is a swirl or tumble control valve

(on/off or continuous), controls air supply into the engine 102. A spark plug 148 is

provided in the engine 102.

[0022] Exhaust from the engine 102 is directed to the turbocharger 110 which includes



a waste gate 150. Exhaust then passes through a pre-catalyst 152 and a main catalyst

154.

[0023] Operation of the system 100 is controlled by the ECU 112 which is operably

connected to a number of sensors and controllers as depicted in FIG. 3 . The sensors and

controllers sense and control various parameters associated with the combustion engine.

The ECU thus receives input from an accelerator pedal module 160, an ambient pressure

sensor 162, an intake manifold sensor 164, a knock sensor 166, and a speed sensor 168.

Additional input is available from an engine temperature sensor 170, an exhaust

temperature sensor 172, oxygen sensors 174 and 176, a boost pressure sensor 178, a fuel

pressure sensor 180, and the air mass meter 130. The ECU further receives input from

one or more cylinder pressure sensors (not shown).

[0024] The system 100 further includes controllable components such as a phase sensor

182 which is operably connected to a camshaft phaser 184 (shown on the intake side but

is alternatively positioned on the exhaust) and the spark plug 148. Other controllable

components in the system 100 include a vacuum pump 190, a solenoid clutch 192, and a

carbon canister 194.

[0025] The ECU 112 includes a controller area network (CAN) 200 network protocol

for interfaced devices, a warning lamp 202, a diagnostic interface 204, and an

immobilizer 206. The ECU 112 uses the various inputs described above in controlling

the above identified controllable components and other controllable components such as

a canister purge valve 208, a waste gate actuator 210, and the other components shown in

FIG. 3 . While performance of the system is enhanced by incorporation of a larger

number of sensors and controllable components, in some embodiments the



sensors/controllable components include any desired one or any desired combination of

the sensors/controllable components selected from a group including the sensors and

controllable components described herein.

[0026] In one embodiment, the control algorithm is similar to that of the 3

Publication. Accordingly, while most of the control provided by the ECU 112 is readily

understood by those of ordinary skill in the art, the ECU 112 controls combustion within

the engine 102 using a control algorithm which includes a model 212 stored within a

memory associated with the ECU which provides improved prediction of the duration of

the auto-ignition combustion phase of an internal combustion engine when operated in a

SACI mode

[0027] Within the model 212, the auto-ignition phase duration is functionally related to

the temperature of the unburned mixture at the start of the auto-ignition phase. That is,

A = f T \eA ) (3)

where T is the temperature of the unburned mixture that will ultimately undergo auto-

ignition. FIG. 3 depicts a chart 220 of the dependence of auto-ignition duration unburned

temperature at start of auto-ignition phase. Chart 220 indicates that the same range of

auto-ignition durations due to different engine states and control inputs have a single

functional dependence on the unburned temperature at auto-ignition. Furthermore, the

functional form of this relationship is linear in a linear-log space and can therefore be

written as

\η ΘΑΙ = Τ \θΑΙ + β (4)



where and β are parameters that can be adjusted according to the operating conditions

considered.

[0028] While in some embodiments the temperature of the unburned mixture is

obtained directly using a sensor, in other embodiments the model 212 predicts the

temperature of the unburned mixture using data associated with combustion engine

parameters. The parameters relate to one or more of the sensors and controllable

components identified above. While any desired algorithm for predicting the unburned

mixture temperature may be used, in one embodiment the valve timings, EGR rate, fuel

mass flow, intake temperature, intake pressure, and cylinder pressure are used in a two-

zone model incorporating the algorithms above to estimate the unburned mixture

temperature.

[0029] The disclosure herein thus provides a method for predicting the duration of the

auto-ignition combustion phase of an internal combustion engine when operated in a

Spark Assisted Compression Ignition (SACI) mode.

[0030] While the invention has been illustrated and described in detail in the drawings

and foregoing description, the same should be considered as illustrative and not

restrictive in character. It is understood that only the preferred embodiments have been

presented and that all changes, modifications and further applications that come within

the spirit of the invention are desired to be protected.



Claims

Claim 1. A combustion engine system, comprising:

a combustion engine;

at least one controllable component operably connected to the combustion engine;

at least one sensor configured to sense a parameter associated with the

combustion engine; and

an electronic control unit (ECU) operably connected to the at least one

controllable component and the at least one sensor, wherein the ECU is configured to

determine a temperature of an unburned mixture based upon the sensed

parameter, and

control the at least one controllable component based upon the determined

temperature.

Claim 2 . The combustion engine system of claim 1, wherein:

the at least one controllable component comprises a spark plug; and

the ECU is configured to control the spark plug based upon the determined

temperature.

Claim 3 . The combustion engine system of claim 2, wherein:

the at least one controllable component comprises a camshaft phaser; and



the ECU is configured to control the camshaft phaser based upon the determined

temperature.

Claim 4 . The combustion engine system of claim 3, wherein:

the at least one controllable component comprises a fuel pump; and

the ECU is configured to control the fuel pump based upon the determined

temperature.

Claim 5 . The combustion engine system of claim 4, wherein the ECU is configured

to control the at least one controllable component based upon the following equation:

\η ∆ ΘΑ[ = Tu \0A[ + β ,

wherein "Α ΘΑΙ " is the auto-ignition combustion duration in time or crank angle,

' " is the determined temperature of the unburned mixture that will ultimately

undergo auto-ignition,

" ΘΑΙ " is the time or engine position at combustion initiation, and

"a" and "/?" are parameters associated with an operating condition of the engine

system.

Claim 6 . The combustion engine system of claim 1, wherein the ECU is configured

to control the at least one controllable component based upon the following equation:



\η ΘΑΙ = Τ \θΑΙ + β ,

wherein "Α ΘΑΙ " is the auto-ignition combustion duration in time or crank angle,

' " is the determined temperature of the unburned mixture that will ultimately

undergo auto-ignition,

" ΘΑΙ " is the time or engine position at combustion initiation, and

"a" and "/?" are parameters associated with an operating condition of the engine

system.

Claim 7 . The combustion engine system of claim 6, wherein the at least one sensor

comprises one or more sensors of a group of sensors, the group of sensors including an

accelerator pedal module, an ambient pressure sensor, an intake manifold sensor, a knock

sensor, a speed sensor, an exhaust temperature sensor, an oxygen sensor, a boost pressure

sensor, a fuel pressure sensor, a cylinder pressure sensor, and an air mass meter.

Claim 8. The combustion engine system of claim 7, wherein the at least one sensor

comprises each of the sensors in the group of sensors.

Claim 9 . The combustion engine system of claim 7, wherein the at least one

controllable component includes one or more controllable components of a group of

controllable components, the group of controllable components including a canister purge

valve, a waste gate actuator, a cam phaser, a spark plug, a fuel pump, a turbo charger, a



super charger, a dump valve, a vacuum pump, and an air supply control valve.

Claim 10. The combustion engine system of claim 9, wherein the at least one

controllable component comprises each of the group of controllable components.

Claim 11. A method of controlling a combustion engine system, comprising:

generating temperature data corresponding to a temperature of an unburned

mixture within a combustion engine with an electronic control unit (ECU); and

controlling at least one controllable component with the ECU based upon the

generated temperature data.

Claim 12. The method of claim 11, wherein controlling at least one controllable

component comprises:

controlling a spark plug based upon the obtained temperature data.

Claim 13. The method of claim 12, wherein controlling at least one controllable

component comprises:

controlling a camshaft phaser based upon the obtained temperature data.

Claim 14. The method of claim 13, wherein controlling at least one controllable



component comprises:

controlling a fuel pump based upon the obtained temperature data.

Claim 15. The method of claim 14, wherein controlling at least one controllable

component comprises:

controlling the at least one controllable component based upon the following

equation:

\η ∆ ΘΑ[ = Tu \0A[ + β ,

wherein "Α ΘΑΙ " is the auto-ignition combustion duration in time or crank angle,

' " is the generated temperature of the unburned mixture that will ultimately

undergo auto-ignition,

" ΘΑΙ " is the time or engine position at combustion initiation, and

"a" and "/?" are parameters associated with an operating condition of the engine

system.

Claim 16. The method of claim 11, wherein controlling at least one controllable

component comprises:

controlling the at least one controllable component based upon the following

equation:

\η ΘΑΙ = α Τ \θΑΙ + β ,



wherein " Α ΘΑ Ι " is the auto-ignition combustion duration in time or crank angle,

' " is the generated temperature of the unburned mixture that will ultimately

undergo auto-ignition,

" ΘΑ Ι " is the time or engine position at combustion initiation, and

"a" and "/?" are parameters associated with an operating condition of the engine

system.

Claim 17. The method of claim 16, wherein co generating temperature data

comprises:

generating temperature data based upon data obtained from one or more sensors

of a group of sensors, the group of sensors including an accelerator pedal module, an

ambient pressure sensor, an intake manifold sensor, a knock sensor, a speed sensor, an

exhaust temperature sensor, an oxygen sensor, a boost pressure sensor, a fuel pressure

sensor, a cylinder pressure sensor, and an air mass meter.

Claim 18. The method of claim 17, wherein controlling at least one controllable

component comprises:

controlling the at least one controllable component based upon data obtained from

each sensor of the group of sensors.

Claim 19. The method of claim 17, wherein controlling at least one controllable



component comprises:

controlling one or more controllable components of a group of controllable

components, the group of controllable components including a canister purge valve, a

waste gate actuator, a cam phaser, a spark plug, a fuel pump, a turbo charger, a super

charger, a dump valve, and an air supply control valve.

Claim 20. The method of claim 19, wherein controlling at least one controllable

component comprises:

controlling each of the group of controllable components.







INTERNATIONAL SEARCH REPORT International application No.

PCT/US2014/037346
A. CLASSIFICATION OF SUBJECT MATTER

F02D 35/00(2006.01)i, F02D 35/02(2006.01)i, F02D 37/02(2006.01)i, F02D 39/00(2006.01)i, F02D 33/00(2006.01)i, F02P
5/04(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
F02D 35/00; F02P 5/00; F02P 5/152; F02D 41/40; F02B 3/00; F02D 41/30; G06G 7/70; F02D 35/02; F02D 37/02;
F02D 39/00; F02D 33/00; F02P 5/04

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromc data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & Keywords:electronic control unit (ECU), ignition, combustion engine, control, temperature
and sensor

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2004-0220720 Al (NODA, TO U) 04 November 2004 1-20
See paragraphs [0025H0028] , [0031] , [0042H0045] and f i gures 1-2.

US 2002-0059914 Al (YAMAGUCHI e t a l . ) 23 May 2002 1-20
See paragraphs [0041]-[0054] and f igures 1-6 .

US 2005-0183697 Al (YOSHINO e t a l . ) 25 August 2005 1-20
See paragraphs [0040]-[0082] and f igures 1-5 .

EP 1167734 A2 (NISSAN MOTOR CO. , LTD . ) 02 January 2002 1-20
See c l aims 1-15 and f i gures 1-28 .

EP 1134400 Bl (NISSAN MOTOR COMPANY LIMITED) 18 January 2012 1-20
See c l aims 1-15 and f i gures 1-17 .

I IFurther documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to b e of particular relevance the principle or theory underlying the invention
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot b e

filing date considered novel or cannot b e considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when t e document is taken alone

cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot b e
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

22 September 2014 (22.09.2014) 22 September 2014 (22.09.2014)
Name and mailing address of the ISA/KR Authorized officer

International Application Division
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Daejeon Metropolitan City, 302-701,

HWANG, Chan Yoon

Republic of Korea

Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-3347

FormPCT/ISA/210 (second sheet) ( y 2009)



INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2014/037346

Patent document Publication Patent family Publication
cited in search report date member(s) date

US 2004-0220720 Al 04/11/2004 EP 1473452 A2 03/11/2004
EP 1473452 A3 08/06/2005
JP 2004-332584 A 25/11/2004
JP 4036138 B2 23/01/2008
US 6999866 B2 14/02/2006

US 2002-0059914 Al 23/05/2002 JP 2002-155780 A 31/05/2002
JP 3945152 B2 18/07/2007
US 6609493 B2 26/08/2003

US 2005-0183697 Al 25/08/2005 CN 100529382 C 19/08/2009
CN 1657766 A 24/08/2005
DE 602005017842 Dl 07/01/2010
EP 1571332 Al 07/09/2005
EP 1571332 Bl 25/11/2009
JP 2005-233112 A 02/09/2005
JP 4075818 B2 16/04/2008
K 10-0674538 Bl 29/01/2007

R 10-2006-0042088 A 12/05/2006
US 7222606 B2 29/05/2007

EP 1167734 A2 02/01/2002 DE 60114932 Dl 22/12/2005
DE 60114932 T2 13/07/2006
EP 1167734 A3 23/07/2003
EP 1167734 Bl 16/11/2005
JP 2002-004913 A 09/01/2002
US 2001-0056322 Al 27/12/2001
US 6636797 B2 21/10/2003

EP 1134400 Bl 18/01/2012 EP 1134400 A2 19/09/2001
EP 1134400 A3 13/08/2003
JP 2001-207850 A 03/08/2001
JP 3873560 B2 24/01/2007
JP 3978965 B2 19/09/2007
US 2001-0022168 Al 20/09/2001
US 6401688 B2 11/06/2002

Form PCT/ISA/210 (patent family annex) ( y 2009)


	abstract
	description
	claims
	drawings
	wo-search-report

