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(57) Abréegée/Abstract:

A basic opening degree (A0) of an EGR control valve (22) Is set on the basis of the current engine operation state. The differential
pressure (AP1) across the EGR control valve (22) Is calculated on the basis of the actual exhaust system temperature (T1)
detected by an exhaust temperature sensor (33). A reference differential pressure (AP1), that is, the differential pressure across the
EGR control valve (22) In a steady state corresponding to the current engine operation state, Is calculated. A reference pulsation-
amplitude (D), that is, the amplitude of pulsation of the differential pressure (AP1), Is calculated. The basic opening degree (A0) Is
corrected on the basis of the differential pressure (AP1), the reference differential pressure (APO), and the reference pulsation-
amplitude (D).

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



!|

CA 03036121 2015-03-07

ABSTRACT

A basic opening (A0) of an EGR control valve (22)
is set, based on a current engine operation state. A
differential pressure (AP1) across the EGR control valve
(22) is calculated, based on an actual exhaust system
temperature (T1) sensed by an exhaust temperature
sensor (33). A reference differential pressure (AP1) is
calculated, which is a differential pressure across the
EGR control valve (22) in a steady state corresponding
to the current engine operation state. A reference
pulsation amplitude (D) is calculated, which is an
amplitude of pulsation of the reference differential
pressure (AP1). The basic opening (AQ) is corrected,
based on the differential pressure (AP1), the reference
differential pressure (AP0O), and the reference pulsation

amplitude (D).
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DESCRIPTION

TITLE OF INVENTION: ENGINE CONTROL METHOD
AND CONTROL DEVICE

Technical Field

[0001] The present invention relates to control of an
engine including 'an EGR device for recirculating a part of
exhaust gas into intake air, and particularly to an art for
correcting an opening (opening degree) of an EGR control
valve.

Background Art

[0002] A patent document 1 discloses an art for an EGR
(Exhaust Gas Recirculation) device of an engine for
recirculating a part of exhaust gas into intake air, wherein
accuracy of estimation of a flow rate of EGR gas is
enhanced by calculation taking account of pulsation of the
EGR gas. Specifically, for the EGR device, it is configured
to: employ sensors to sense pressures at upstream and
downstream sides of an EGR valve provided in an EGR
passage; make a conversion into a sine wave from
fluctuations in pressure ratio during a predetermined time
period; calculate a pressure function, based on the sine
wave, wherein the pressure function is used to calculate
the flow rate of EGR gas from a pressure ratio as a
variable; and calculate the flow rate of EGR gas flowing in
the EGR passage during the predetermined time period, by
using the pressure function.
Prior Art Document(s)

Patent Document(s)
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[0003] Patent Document 1: Japanese Patent No.
5420489

Summary of Invention

Problem(s) to be Solved by Invention

[0004] If the conventional art described above is used to
obtain characteristics of pulsation Of EGR gas by using the
pressure sensors, and correct an opening of the EGR
control valve based on the obtained characteristics, there is
a problem that highly responsive pressure sensors have
greater errors and lower accuracy.

[0005] The present invention has been made with
attention to the problem described above, and is targeted
for accurately correcting the opening of the EGR control
valve.

Means for Solving Problem(s)

[0006] According to the present invention, an engine
control method comprises: opening and closing an EGR
passage by an EGR control valve, wherein the EGR passage
is configured to recirculate a part of exhaust gas from an

exhaust passage to an intake passage; setting a basic
opening of the EGR control valve, based on a current
engine operation state; sensing an actual exhaust system
temperature that is a current temperature of an exhaust
system; calculating a differential pressure across the EGR
control valve, based on the actual exhaust system

temperature; calculating a reference differential pressure

that is a differential pressure across the EGR control valve

in a steady state corresponding to the current engine

operation state; calculating a reference pulsation amplitude

-7 -
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that is an amplitude of pulsation of the reference
differential pressure; and correcting the basic opening,
based on the differential pressure, the reference
differential pressure, and the reference pulsation amplitude.
Effect(s) of Invention

[0007] According to the present invention, the feature of
correcting the opening of the EGR control valve, depending
on the differential pressure based on the actual exhaust
system temperature, the reference differential pressure
corresponding to the current engine operation state, and
the reference pulsation amplitude, serves to suppress
variation of the flow rate of EGR gas from being caused by
a transient change of the exhaust system temperature, and
thereby enhance accuracy of the correction of the opening
of the EGR control valve.

Brief Description of Drawings

[0008] FIG. 1 is a configuration diagram showing an
example of engine including an EGR device, according to
the present invention.

FIG. 2 is a flow chart showing a flow of control for
correcting an opening area of an EGR control valve,
according to a first embodiment of the present embodiment.

FIG. 3 is an illustrative diagram illustrating an
assumption where an intake-exhaust system is equivalent
to a system composed of orifices in terms of fluid dynamics.

FIG. 4 is an illustrative diagram illustrating an

example of calculation of a differential pressure

compensation factor.
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FIG. 5 is an illustrative diagram illustrating an
example of calculation of a pulsation compensation factor.

FIG. 6 is an illustrative diagram illustrating variation
of the flow rate of EGR gas caused by pulsation of a
differential pressure across the EGR control valve.

FIG. 7A is a characteristic diagram showing changes
of an EGR rate at acceleration, whereas FIG. 7B is a
characteristic diagram showing changes of the EGR rate at
deceleration.

FIG. 8 is a flow chart showing a flow of control for
correcting the opening of the EGR control valve, according
to a second embodiment of the present embodiment.

FIG. 9 is a flow chart showing a flow of control for
correcting the opening of the EGR control valve, according
to a third embodiment of the present embodiment.

FIG. 10 is a flow chart showing a flow of control for
correcting the opening of the EGR control valve, according
to a fourth embodiment of the present embodiment.
Mode(s) for Carrying Out Invention
[0009] The following describes engine control device and
engine control method according to the present invention
with reference to embodiments shown in the drawings. FIG.
1 is a configuration diagram schematically showing an
example of engine including an EGR device, according to a
first embodiment of the present invention.

[0010] An engine 10 includes a turbocharger 11.
Turbocharger 11 includes a turbine 14, a compressor 15,
and a common shaft 16, wherein turbine 14 is disposed in

an exhaust passage 12, and compressor 15 is disposed in

-4 -
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an intake passage 13, and turbine 14 and compressor 15
are coaxially arranged on shaft 16. A flow of exhaust gas
drives turbine 14 rotationally, to rotate compressor 15,
thereby pressurizing and supercharging intake air. Exhaust
passage 12 is provided with a bypass passage 18 that
bypasses turbine 14. Bypass passage 18 is provided with a
wastegate valve 17 for regulation of boost pressure.

[0011] Engine 10 further includes an EGR (Exhaust Gas
Recirculation) device for recirculating a part of EGR gas
into intake air. The EGR device includes an EGR passage
21 connecting the exhaust passage 12 to intake passage 13,
wherein an EGR gas as a part of exhaust gas is recirculated
from exhaust passage 12 to intake passage 13 through EGR
passage 21. EGR passage 21 is provided with an EGR
control valve 22 and an EGR cooler 23. EGR control valve
22 is configured to open and close the EGR passage 21, and
thereby control a flow rate of the EGR gas flowing in EGR
passage 21, and thereby control an EGR rate (ratio of a
quantity of EGR gas with respect to a quantity of intake
fresh air). EGR cooler 23 is configured to cool the EGR gas.
[0012] The EGR device is a so-called low-pressure type

EGR device where a confluence where EGR passage 21

meets intake passage 13 is arranged upstream of
compressor 15. An intake air flow rate regulation valve 24

is provided in a part of intake passage 13 upstream of the
confluence of EGR passage 21, for regulating the quantity

of intake fresh air.
[0013] A throttle valve 25 is disposed in a part of intake

passage 13 downstream of compressor 15, and is

-5-
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configured to be electronically controlled to open and close
the intake passage 13. An intercooler 26 is disposed in a
part of intake passage 13 downstream of throttle valve 25,
and is configured to cool intake air including intake fresh
air and the EGR gas introduced through the EGR passage.
Moreover, an oxygen concentration sensor 27 is disposed in
a part of intake passage 13 downstream of compressor 15
and upstream of throttle valve 25, and is configured to
sense the concentration of oxygen in intake air.

[0014] Of throttle valve 25 and intake air flow rate
regulation valve 24, control of the intake air quantity Is
performed basically by throttle valve 25. However, when in
an EGR operation region for introducing the EGR gas into
intake passage 13, intake air flow rate regulation valve 24
is controlled in a closing direction so as to suppress the
quantity of intake fresh air.

[0015] Exhaust passage 12 is provided with an upstream
catalyst 31 and a downstream catalyst 32, wherein
upstream catalyst 31 is disposed upstream of a place
connected to EGR passage 21, and downstream catalyst 32
is disposed downstream of the place connected to EGR
passage 21. An exhaust gas temperature sensor 33 Is
disposed in vicinity to the place connected to EGR passage
21, and configured to serve as an exhaust system

temperature sensing part to sense a current temperature of

an exhaust system.
[0016] An auxiliary muffler 34 and a main muffler 35 as

silencers are arranged in series in a part of exhaust

passage 12 downstream of downstream catalyst 32.

-6 -
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[0017] A control section 40 is configured to output
control signals to wastegate valve 17, EGR control valve 22,
intake air quantity regulation valve 24, throttle valve 25,
etc., to control their operations, based on sensing signals
from various sensors such as oxygen concentration sensor
27 and exhaust gas temperature sensor 33.

[0018] FIG. 2 is a flow chart showing a flow of control for
correcting an opening area of EGR control valve 22,
wherein the opening area of EGR control valve 22
corresponds to an opening (opening degree) of EGR control
valve 22. This routine is executed repeatedly by control
section 40 at intervals of a predetermined very short time
period (10 ms, for example). Although the present
embodiment is configured to correct the opening area of
EGR control valve 22, it may be configured to correct the
opening (opening degree) itself of EGR control valve 22. In
the present embodiment, the term “pressure” basically
means an average of pressure fluctuating, namely, a
central value of oscillation of pressure.

[0019] At Step S10, control section 40 determines

whether or not an EGR request is present, namely, whether

or not it is in an EGR operation region where the EGR gas is
recirculated to intake passage 13. For example, this
determination is based on engine rotational speed and
engine load with reference to a prepared map for EGR
operation region setting. For enhancement of fuel

efficiency, the EGR operation region is set wide so as to

include a partial load region.
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[0020] At Step S11, control section 40 serves as a basic
opening area setting part to set and read a basic opening
area AO of EGR control valve 22 corresponding to a basic
opening (opening degree) of EGR control valve 22, wherein
the basic opening area AO is set based on engine rotational
speed and engine load with reference to a prepared map for
opening area setting. The basic opening area AQ Is set to
achieve a target EGR rate (ratio of the flow rate of EGR gas
flow rate with respect to the intake air quantity)
corresponding to a current state of engine rotational speed
and engine load.

[0021] At Step S12, control section 40 determines and
reads an actual exhaust system temperature T1, based on
the sensing signal from exhaust gas temperature sensor 33,
wherein the actual exhaust system temperature T1 is an
actual temperature of the exhaust system. At Step 513,
control section 40 determines and reads a reference
exhaust system temperature TO with reference to a
prepared map for reference exhaust system temperature
setting for each state of engine rotational speed and engine
load, wherein the reference exhaust system temperature 10
is a temperature of the exhaust system in a steady state
corresponding to the current state of engine rotational
speed and engine load. At Step S14, control section 40

calculates a temperature difference AT between actual

exhaust system temperature T1 and reference exhaust

system temperature TO.
[0022] At Step S15, control section 40 determines

whether or not temperature difference AT has an absolute

-8-



10

195

20

25

CA 03036121 2015-03-07

value greater than or equal to a predetermined threshold

value. When the absolute value of temperature difference
AT is smaller than the predetermined threshold value,
control section 40 determines that it is in a steady state
where actual exhaust system temperature T1 is close to
reference exhaust system temperature TO, and variation of
the opening area (opening) of EGR control valve 22 due to
non-equilibrium of the exhaust system temperature is small,
and therefore terminates the present routine without
correction of the opening area of EGR control valve 22.
Accordingly, the opening of EGR control valve 22 is

controlled based on basic opening area AO calculated at

Step S11.
[0023] On the other hand, when the absolute value of

temperature difference AT is greater than or equal to the

predetermined threshold value, control section 40

determines that it is in a state of thermal non-equilibrium

where actual exhaust system temperature T1 is apart from
reference exhaust system temperature TO, and variation of
the opening area (opening) of EGR control valve 22 due to
non-equilibrium of the exhaust system temperature is large,
and therefore proceeds to Step $S16 and the following

where a correcting operation is performed for the opening

area of EGR control valve 22.
[0024] First, at Step S16, control section 40 calculates

an actual upstream pressure Plexh, based on actual
exhaust system temperature T1, wherein actual upstream
pressure Plexh is a current pressure at an upstream side of

EGR control valve 22. A specific example of this calculation

-g-
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IS described below. At Step S17, control section 40
determines and reads a reference upstream pressure P0Oexh,
based on the current engine rotational speed and engine
load with reference to a prepared map for reference
upstream pressure setting, wherein reference upstream
pressure POexh is a pressure at the upstream side of EGR
control valve 22 in the steady state.

[0025] At Step S18, control section 40 determines anad
reads a downstream pressure Pin, based on the current
engine rotational speed and engine load with reference to a
prepared map for downstream pressure setting, wherein
downstream pressure Pin is a pressure at a downstream
side of EGR control valve 22.

[0026] At Step S19, control section 40 serves as a
differential pressure calculating part to calculate and read a
differential pressure AP1, based on actual upstream
pressure Plexh and downstream pressure Pin, wherein
differential pressure AP1 corresponds to a differential
pressure across the EGR control valve 22. Specifically,
downstream pressure Pin is subtracted from actual
upstream pressure Plexh, to obtain differential pressure
APl (= Plexh - Pin).

[0027] At Step $20, control section 40 serves as a
reference differential pressure calculating part to calculate
and read a reference differential pressure AP0, based on
reference upstream pressure POexh and downstream

pressure Pin, wherein reference differential pressure APO
corresponds to a differential pressure across the EGR

control valve 22 in the steady state. Specifically,

-10-
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downstream pressure Pin is subtracted from reference
upstream pressure POexh, to obtain reference differential

pressure APOQO.
[0028] At Step S21, control section 40 calculates a

differential pressure compensation factor K1 for the
opening area of EGR control valve 22, based on differential
pressure AP1 and reference differential pressure APO. A
specific example of calculation of differential pressure
compensation factor K1 is described below.

[0029] At Step S22, control section 40 serves as a
reference pulsation amplitude calculating part to determine
and read a reference pulsation amplitude DO, based on the
engine rotational speed and engine load with reference to a
prepared map for reference pulsation amplitude setting,
wherein reference pulsation amplitude DO is an amplitude
of pulsation of a differential pressure across EGR control
valve 22 in the steady state, namely, an amplitude of
pulsation of the reference differential pressure. At Step
S23, control section 40 calculates a pulsation period W of
reference differential pressure APO, based on the engine

rotational speed and engine load.

[0030] At Step S24, control section 40 estimates an
actual pulsation flow rate Q’1, based on pulsation period W,
reference pulsation amplitude DO, and differential pressure

AP1, wherein actual pulsation flow rate Q’'1 is a flow rate of
pulsation in consideration of pulsation of differential
pressure AP1, and corresponds to a mass flow rate of EGR
gas per period of pulsation of differential pressure AP1. At

Step S25, control section 40 estimates a reference

-11-
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pulsation flow rate Q’'0, based on pulsation period W,
reference pulsation amplitude DO, and reference differential
pressure APO, wherein reference pulsation flow rate Q0 is
a flow rate of pulsation in consideration of pulsation of
reference differential pressure APO, and corresponds to a
mass flow rate of EGR gas per period of pulsation of
reference differential pressure APO.

[0031] At Step 526, control section 40 serves as a
pulsation compensation factor calculating part to calculate
a pulsation compensation factor K2 for basic opening area
AO of EGR control valve 22 such that actual pulsation flow
rate Q’1 becomes equal to reference pulsation flow rate Q’0.
A specific example of this calculation is described below
with reference to FIG. 5.

[0032] The contents of Steps S24 and S25 are not
necessarily for actual application to the engine, but are for
explanation with actual pulsation flow rate Q’1 and
reference pulsation flow rate Q'0, for easy understanding

about a theory for obtaining the pulsation compensation

factor K2.
[0033] At Step S27, control section 40 calculates an

overall compensation factor K3 for basic opening area AQ of
EGR control valve 22, based on differential pressure
compensation factor K1 and pulsation compensation factor
K2. Specifically, overall compensation factor K3 is
obtained by multiplying the differential pressure

compensation factor K1 and pulsation compensation factor

K2 together.

-12-
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[0034] At Step S28, control section 40 serves as a
correcting part to correct the basic opening area AO of EGR
control valve 22 by using the overall compensation factor
K3. Specifically, control section 40 obtains a final opening
area Al of EGR control valve 22 by multiplying the basic
opening area A0 by overall compensation factor K3. When
Step S16 and the following steps are executed, control
section 40 controls the opening of EGR control valve 22,
based on the final opening area Al.
[0035] In FIGS. 3 to 5, each reference sign including "0”
indicates a parameter in the steady state at reference
exhaust system temperature TO, whereas each reference
sign including “1” indicates a parameter in a state of
thermal non-equilibrium where actual exhaust system
temperature T1 is apart by the predetermined value or
more from reference exhaust system temperature TO.
[0036] The following describes an example of calculation
of actual upstream pressure Plexh at Step S16 with
reference to FIG. 3. On the assumption that the intake-
exhaust system is equivalent to a system composed of
orifices, the concentration of exhaust gas upstream of EGR
control valve 22 is expressed by the following equations for
the steady state and for the state of thermal non-
equilibrium.

pO0exh=p0XTO,/(TO+TOcat)

Plexh=p0OXTO,/ (TO+Tlcat)

An actual exhaust system temperature T1lcat at a
downstream side of downstream catalyst 32 is obtained

from actual exhaust system temperature T1l. Accordingly,

-13-



10

15

20

CA 03036121 2015-03-07

actual upstream pressure Plexh is expressed by the
following equation.

Plexh=PQ0exhXpQexh  polexh

[0037] Next, the following describes an example of
calculation of differential pressure compensation factor K1
at Step S21 with reference to FIG. 4. On the assumption

that the intake-exhaust system is equivalent to a system

composed of orifices, the Bernoulli equation is as follows.
1/2Xp0exhXv0O0exh24+P00exh=1,/2Xp0O0Xv02+P
0

On the assumption that the flow speed upstream of
EGR control valve 22 is equal to zero, the following

equation is derived.

POexh=1/2Xp0Xv024+PQ
1/ 2Xp0Xv02=PQexh—-PO0O
vO= {2X (POexh—PQO) /p0} 72« (1)

The equation of continuation is as follows.

QO0=pOXCdOXAOXv0O [kg. sl

Substituting the equation (1) yields the following

equation.
QO0=CdOXAOX {2Xp0OX (POexh—PO0O)} /2

Substituting PO=Pin yields the following equation.

QO0=CdOXAOX {2XpOX (POexh=Pin)} -2

With AP=P0exh-Pin, the flow rate of EGR gas passing
through the EGR passage 21 in the steady state is

expressed by the following equation.

QO=CdOXAOX (2XpOXAPO) 2

-14-
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Similarly, the flow rate of EGR gas in the state of
thermal non-equilibrium is expressed by the following

equation.

Q1=Cd1XATITX (2Xp1XAP1) 12

In order to achieve Q0=Q1, the following equation is
derived.
CdOXAOX (2ZXpOXAPO) '2=Cd1XA1X (2Xp1XAP

With Cd0O=Cd1 assumed, the following equation is

derived.
AOX (2XpOXAPO) '72=A1X (2Xp 1XAP1) -2
Al=A0X { (pOXAPO) / (p1XAP1T) } 172
Therefore, differential pressure compensation factor
K1 is expressed by the following equation.

KT1T={(pOXAPO) /S (p1XAP1) ]} 2 ... (2)

With pO=p1l for simple calculation, differential

pressure compensation factor K1 is expressed by the

following equation.
K1= (APO/AP1) 72 - (2)°

[0038] Next, the following describes an example of

calculation of pulsation compensation factor K2 at Step 526
with reference to FIG. 5. On the assumption that EGR
control valve 22 is equivalent to a system composed of an
orifice, the flow rate of EGR gas flowing in EGR passage 21,
namely, the mas flow rate passing through EGR control
valve 22, Q, is expressed by the following equation.

Q=CdXAX (2XpXAP) 12

where Q: the mass flow rate of EGR gas [kg/s],

-15-
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Cd: the flow rate coefficient of the EGR control

valve [-],
0: the concentration of EGR gas [kg/m~], and

AP: the differential pressure across the EGR

5 control valve [kPa].
With C = Cd x (2 x p)*/?, the following equation is

derived.

Q=CXAXAP'1/2

Under influence of pulsation of exhaust gas introduced

10 into EGR passage 21, differential pressure AP across EGR

control valve 22 also pulsates. As the pulsation of
differential pressure AP is converted into a sine wave, and
the amplitude of the pulsation is represented by D, actual
pulsation flow rate Q’, which is an average mass flow rate

15 of EGR gas per period of pulsation of the differential

pressure, is expressed by the following equation.

Q' =1,/WX[ {AXCX (AP+DXsin (wt)) 2} dt

where AP: (the center of oscillation of) the
differential pressure across EGR control valve [kPa],
20 D: the pulsation amplitude of the differential

pressure [kPa], and
w: the angular speed of pulsation (=2n/W) [rad/sec].

[0039] Accordingly, as Q’1 is an actual pulsation flow

rate of differential pressure AP1 in the state of thermal
25 non-equilibrium, and Q'O is a reference pulsation flow rate

of reference differential pressure APO in the steady state,

the following equation is derived.

-16-
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Q" 1=1/WX[ {A1TXCX (AP14+D1Xsin(wt) ) 2} d

t- (3)
Q' O0=1 /" WXJ {AQOXCX (APO+DO0OXsinf{wt)) 2} d
t .- (4)

In order to set the actual pulsation flow rate Q1 equal
to reference pulsation flow rate Q’0 by correction of basic

opening area AO of EGR control valve 22, the following

equation is derived.
1/ WX[ {ATXCX (AP1+D1Xsin (wt) ) 72} dt
=1,/WX[ {AOXCX (APO+DOXsin (wt)) 72} dt

Hence, opening area Al of the EGR control valve for
Q'1=Q’'0 is expressed by the following equation.

Al=[J {(APO+DO0OXsin (wt)) "2} dt

Sl {(AP1+D1Xsin(wt)) 72} dt] XAOQ

Therefore, pulsation compensation factor K2 for

Q'1=Q’0 is expressed by the following equation.

K2=[J { (APO+DOXsin (wt)) 72} dt
AT A {APT+D1Xsin(wt)) '72} dt] - (B)

[0040] In second and third embodiments described below,
an actual pulsation amplitude D1 for pulsation of the

differential pressure is calculated, for which the equations

(3) to (5) are used. However, in the first embodiment, the
value of reference pulsation amplitude DO is used for
simple estimation of actual pulsation amplitude D1, so that

the equations (3) and (5) are converted into the following

equations (3) and (5)".

-1/-
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Q" 1=1/WXS {ATXCX (AP1+D1Xsin (wt)) 72} 4

1 e (3) ’
K2=[f { (APO4+DOXsin (wt)) -2} d ¢
/L {(APT4+DO0OXs in (wt)) 72} dt] e (5)

In this way, the present embodiment is configured to
calculate the differential pressure AP1 at actual exhaust
system temperature Tl and the reference differential
pressure APQO at reference exhaust system temperature TO,
and correct the basic opening area A0 of EGR control valve
22 by differential pressure compensation factor K1 in
consideration of these differential pressures, and pulsation
compensation factor K2 in consideration of pulsation of the
differential pressure. This serves to accurately correct the
basic opening area AO of EGR control valve 22, even in the
state of thermal non-equilibrium where the exhaust system
temperature changes rapidly, for example, at acceleration
or deceleration. The feature that differential pressure
compensation factor K1 and pulsation compensation factor
K2 are obtained without use of pressure sensors, serves to

prevent adverse effects of errors of the pressure sensors.

[0041] FIG. 6 shows a relationship between the flow rate
Q of EGR gas and pulsation of differential pressure AP in
the state of thermal non-equilibrium. As shown in FIG. 6,
in @ nonlinear region where differential pressure AP is small,
even if the "+"” side amplitude and "-" side amplitude of the
pulsation are symmetrical, actual flow rate Q1 of EGR gas
at actual exhaust system temperature T1 deviates to the

minus side from reference flow rate Q0. Accordingly, it is

required to correct the basic opening area A0 of EGR

-18-
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control valve 22 in the increasing direction. On the other
hand, in a linear region where differential pressure AP is
large, if the "+” side amplitude and “-" side amplitude of
the pulsation are symmetrical, actual flow rate Q1 deviates
little from reference flow rate Q0. Accordingly, it is not
required to correct the basic opening area AO. In this way,
in the state of thermal non-equilibrium, actual flow rate Q1
deviates from reference flow rate QO in this specific manner
under influence of pulsation of the differential pressure, but
the feature of the present embodiment that pulsation
compensation factor K2 is calculated to set the actual
pulsation flow rate Q’1 equal to reference pulsation flow
rate Q'0, and basic opening area A0 is corrected by using
the pulsation compensation factor K2, serves to suppress
variation of the flow rate of EGR gas from being caused by
pulsation of the differential pressure in the state of thermal
non-equilibrium, and thereby accurately correct the
opening area Al of EGR control valve 22.

|10042] FIG. 7A shows changes of the EGR rate of EGR
control valve 22 at acceleration. At acceleration, especially,
at an initial stage of acceleration, delay of rise of the
exhaust system temperature with respect to rise of the
engine rotational speed and engine load causes actual
exhaust system temperature T1 to be transiently lower
than reference exhaust system temperature T0O.
Accordingly, without the correction according to the present
embodiment, especially at an initial stage of acceleration,
the opening area of EGR control valve 22 tends to become

relatively small so that the actual EGR rate is lower than
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the target EGR rate. In contrast, with the correction based
on differential pressure compensation factor K1 described
above, at an initial stage of acceleration where the exhaust
system temperature is in a state of thermal non-equilibrium,
the opening area is corrected in the increasing direction so
that the actual EGR rate increases and gets close to the
target EGR rate. Furthermore, with the correction based on
both of differential pressure compensation factor K1 and
pulsation compensation factor K2 according to the present
embodiment, at an initial stage of acceleration where the
exhaust system temperature is in a state of thermal non-
equilibrium, the opening area is further corrected in the
increasing direction so that the actual EGR rate further
increases and gets more close to the target EGR rate.
[0043] FIG. 7B shows changes of the EGR rate of EGR
control valve 22 at deceleration. At deceleration,
especially, at an initial stage of deceleration, delay of fall
of the exhaust system temperature with respect to fall of
the engine rotational speed and engine load causes actual
exhaust system temperature T1 to be transiently higher

than reference exhaust system temperature T0O.

Accordingly, without the correction according to the present
embodiment, especially at an initial stage of deceleration,
the opening area of EGR control valve 22 tends to become
relatively large so that the actual EGR rate is higher than
the target EGR rate. In contrast, with the correction based
on differential pressure compensation factor K1 described
above, at an initial stage of deceleration where the exhaust

system temperature is in a state of thermal non-equilibrium,
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the opening area is corrected in the decreasing direction so
that the actual EGR rate decreases and gets close to the
target EGR rate. Furthermore, with the correction based on
both of differential pressure compensation factor K1 and
pulsation compensation factor K2 according to the present
embodiment, at an initial stage of deceleration where the
exhaust system temperature is in a state of thermal non-
equilibrium, the opening area is further corrected in the
decreasing direction so that the actual EGR rate further
decreases and gets closer to the target EGR rate.

10044 ] Embodiments described below are based on the
first embodiment. The following describes features
different from the first embodiment, with redundant
description omitted.

[0045] FIG. 8 is a flow chart showing a flow of control for
correcting the basic opening area A0 of EGR control valve
22, according to a second embodiment of the present
embodiment. For further enhancement of accuracy of the
correction, the second embodiment is configured to

calculate an actual pulsation amplitude D1 by correcting
the reference pulsation amplitude DO based on temperature
difference AT, and calculate actual pulsation flow rate Q1

and pulsation compensation factor K2 by using the actual

pulsation amplitude D1, as shown in equations (3) and (5).

[0046] Specifically, with reference to the flow chart of

FIG. 8, the operations of Steps S10 to S22 are the same as
in the first embodiment. Subsequent to Step S22, at Step
S22A, control section 40 calculates an amplitude correction

factor Da for reference pulsation amplitude DO, based on
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temperature difference AT between actual exhaust system
temperature T1 and reference exhaust system temperature
TO. Subsequently, at Step S22B, control section 40
calculates actual pulsation amplitude D1 at the current
actual exhaust system temperature T1l, based on reference
pulsation amplitude DO and amplitude correction factor Da.
Specifically, the actual pulsation amplitude D1 is obtained
by multiplying the reference pulsation amplitude DO by
amplitude correction factor Da. At Step S23, control
section 40 calculates pulsation period W of the differential
pressure as in the first embodiment. At Step S24A, control
section 40 calculates actual pulsation flow rate Q1 of EGR
gas passing through EGR passage 21, based on pulsation
period W, actual pulsation amplitude D1, and differential
pressure AP1. The operations of the following Steps S25 to
S28 are the same as in the first embodiment.

[0047] According to the second embodiment described
above, the feature of calculating the actual pulsation
amplitude D1 at actual exhaust system temperature T1,

and calculating the actual pulsation flow rate Q’1 and

pulsation compensation factor K2 at actual exhaust system

temperature T1 by using the actual pulsation amplitude D1,

serves to further enhance the accuracy of the correction as

compared to the first embodiment.
[0048] FIG. 9 is a flow chart showing a flow of control for

correcting the basic opening area A0 of EGR control valve
22, according to a third embodiment of the present
embodiment. For further enhancement of accuracy of the

correction, the third embodiment is configured to correct
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the reference pulsation amplitude DO based on an opening
Awg of wastegate valve 17, to obtain the actual pulsation
amplitude D1 that is an amplitude of pulsation of
differential pressure AP1.

[0049] Specifically, with reference to the flow chart of
FIG. 9, the operations of Steps S10 to S22 are the same as
in the first embodiment. Subsequent to Step S22, at Step
S22C, control section 40 reads opening Awg of wastegate
valve 17. Subsequently, at Step S22D, control section 40
calculates amplitude correction factor Dwg based on
opening Awg of wastegate valve 17. At Step S22E, control
section 40 calculates the current actual pulsation amplitude
D1, based on reference pulsation amplitude DO and
amplitude correction factor Dwg. Specifically, the actual
pulsation amplitude D1 is obtained by multiplying the
reference pulsation amplitude DO by amplitude correction
factor Dwg. At Step S23, control section 40 calculates
pulsation period W of the differential pressure as in the
first embodiment. Then, at Step S24B, control section 40
calculates actual pulsation flow rate Q’1 of EGR gas, based
on pulsation period W, actual pulsation amplitude D1, and
differential pressure AP1. The operations of the following
Step S25 to S28 are the same as in the first embodiment.
[0050] According to the third embodiment described
above, the feature of calculating the actual pulsation
amplitude D1 by using the opening Awg of wastegate valve
17, and calculating the actual pulsation flow rate Q’1 and
pulsation compensation factor K2 by using the actual

pulsation amplitude D1, serves to further enhance the
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accuracy of the correction as compared to the first

embodiment.
[0051] FIG. 10 is a flow chart showing a flow of control

for correcting the basic opening area AO of EGR control
valve 22, according to a fourth embodiment of the present
embodiment. When an EGR request is present, the
quantity of fresh air is reduced by throttling of intake air
flow rate regulation valve 24, depending on the EGR rate
(or the opening (opening degree) or opening area of EGR
control valve 22), wherein intake air flow rate regulation
valve 24 is disposed in the part of intake passage 13
upstream of EGR passage 21. The fourth embodiment is
configured to await a condition where driving of intake air
flow rate regqulation valve 24 in the closing direction is
completed to actually allow entrance of the EGR gas, and

thereafter perform the same control as in the first

embodiment.
[0052] Specifically, with reference to the flow chart of

FIG. 10, when determining at Step S10 that an EGR request

is present, control section 40 proceeds to Step S10A where

control section 40 sets the target opening of intake air flow

rate requlation valve 24. This target opening is set to a

value in the closing direction, for reduction of the quantity

of fresh air depending on the EGR rate.
[0053] At Step S10B, control section 40 controls driving

of intake air flow rate requlation valve 24 to the target
opening. At Step S10C, control section 40 determines

whether or not driving of intake air flow rate regulation

valve 24 to the target opening is completed. This
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determination may be implemented by simply determining
whether or not a predetermined time period has elapsed,
wherein the predetermined time period corresponds to
completion of the driving, or by directly sensing the
condition by a sensor, or by estimating the condition based
on the engine operation state. When determining that the
driving of intake air flow rate regulation valve 24 is not
completed, control section 40 terminates the present

routine.

[0054] When determining that the driving of intake air
flow rate regulation valve 24 is completed, control section
40 proceeds to Step S11. At Step S11, control section 40

sets and reads the basic opening area AO of EGR control

valve 22 corresponding to the basic opening (opening
degree) of EGR control valve 22, wherein the basic opening
area AO is set based on engine rotational speed and engine
load with reference to the prepared map for opening area
setting, as in the first embodiment. The operations of the

following Step S12 to S28 are the same as in the first

embodiment.
[0055] According to the fourth embodiment described

above, the feature of performing the control of correction
of the opening area after completion of the driving of
intake air flow rate regulation valve 24, serves to reliably

prevent a situation where an excessive quantity of EGR gas

enters the intake passage 13 before reduction of the

quantity of fresh air.
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[0056] The following lists characteristic configurations,
operations, and effects of the embodiments described
above.
[0057] <1> It includes: setting a basic opening (basic
opening area A0) of the EGR control valve 22, based on a
current engine operation state; calculating a differential
pressure AP1 across the EGR control valve 22, based on an
actual exhaust system temperature T1; calculating a
reference differential pressure APO that is a differential
pressure across the EGR control valve 22 in a steady state
corresponding to the current engine operation state;
calculating a reference pulsation amplitude DO that is an
amplitude of pulsation of the reference differential pressure
APO; calculating a pulsation compensation factor K2, based
on the differential pressure AP1, the reference differential
pressure APO, and the reference pulsation amplitude DO;
and correcting the basic opening (A0) by using the
pulsation compensation factor K2, as shown in the following
equation (5)".

K2=[J { (APO+DOXs in (wt) ) *2} dt

SIS {(AP14DO0OXs in (wt)) 2} d+t] - (B) "’

In other words, it calculates the pulsation
compensation factor K2 such that an actual pulsation flow

rate Q1 is equal to a reference pulsation flow rate Q'0,
wherein the actual pulsation flow rate Q1 is determined in
consideration of pulsation of the differential pressure AP1
as shown in the following equation (3)’, and wherein the

reference pulsation flow rate Q'O is determined in
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consideration of pulsation of the reference differential

pressure APO.
Q' 1=1,/WX[J] (A1 XCX (AP1+DO0OXsin (wt) ) '2} d

t - (3)°
Q" 0=1/WXJ] {(AOXCX (APO+DOXsin (wt) ) 2} d
t oaes (4)

As described above with reference to FIG. 6, in the
state of thermal non-equilibrium, actual flow rate Q1
deviates from reference flow rate QO in this specific manner
under influence of pulsation of the differential pressure, but
the feature of correcting the basic opening area A0 by
using the pulsation compensation factor K2, serves to
suppress variation of the flow rate of EGR gas from being
caused by pulsation of the differential pressure in the state
of thermal non-equilibrium, and thereby accurately correct
the opening (opening area) of EGR control valve 22.

[0058] <2> Preferably, it includes: calculating the
pulsation compensation factor such that the actual
pulsation flow rate is equal to a reference pulsation flow

rate, wherein the actual pulsation flow rate is an average

flow rate of EGR gas per period of pulsation of the

differential pressure, and wherein the reference pulsation
flow rate is an average flow rate of EGR gas per period of
pulsation of the reference differential pressure; and
correcting the basic opening by using the pulsation

compensation factor.
[0059] <3> It further includes: calculating a differential

pressure compensation factor K1 such that a flow rate of
EGR gas at the actual exhaust system temperature T1 is

equal to a flow rate of EGR gas in the steady state; and
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correcting the basic opening (basic opening area AQ) by
using the differential pressure compensation factor K1.
This serves to enhance the accuracy of correction by
suppressing the accuracy of control from being adversely
affected by deviation between the differential pressure AP1
and the reference differential pressure APO in the state of
thermal non-equilibrium.

[0060] <4> Preferably, it includes: calculating a
reference exhaust system temperature TO that is a
temperature of the exhaust system in the steady state
corresponding to the current engine operation state; and
correcting the basic opening in response to a condition that
a temperature difference AT between the actual exhaust
system temperature Tl and the reference exhaust system
temperature TO is greater than or equal to a predetermined
threshold value.

[0061] <5> In the second embodiment shown in FIG. 8,
for enhancement of accuracy of the correction, it includes:
calculating an actual pulsation amplitude D1, based on the
reference pulsation amplitude DO and the temperature
difference AT between the actual exhaust system
temperature and the reference exhaust system temperature
(see Steps S22A and S22B); and calculating the pulsation
compensation factor K2 by using the actual pulsation
amplitude (D1), as shown in equation (5).

[0062] <6> In the third embodiment shown in FIG. 9,
for enhancement of accuracy of the correction, it includes:
calculating an actual pulsation amplitude D1, based on the

reference pulsation amplitude DO and an opening Awg of a
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wastegate valve 17 (see Steps 522C to S22E); and
calculating the pulsation compensation factor K2 by using
the actual pulsation amplitude D1, as shown in equation (5).
[0063] <7> 1In the fourth embodiment shown in FIG. 10,
as shown at Steps S10 and S10A to 10C, it includes:
driving an intake air flow rate regulation valve 24 in a
closing direction, in response to presence of a request for
EGR, wherein the intake air flow rate regulation valve 24 is
disposed in a part of the intake passage 13 upstream of a
place where the EGR passage 21 is connected to the intake
passage 13; and performing the correcting control, namely,
performing introduction of EGR gas, after completion of the
driving of the intake air flow rate regulation valve 24 in the
closing direction such that the quantity of fresh intake air
is throttied.

[0064] <8> By application of the correcting control
described above, the basic opening (opening area) of the
EGR control valve 22 is corrected by increasing the basic

opening (opening area) in response to vehicle acceleration.

At acceleration, especially, at an initial stage of

acceleration, this serves to increase the actual EGR rate to
be close to the target EGR rate, and thereby suppress the
response of the EGR rate from being delayed, as shown in

FIG. 7A.
[0065] <9> On the other hand, the basic opening of the

EGR control valve 22 is corrected by reducing the basic
opening in response to vehicle deceleration. At
deceleration, especially, at an initial stage of deceleration,

this serves to reduce the actual EGR rate to be close to the
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target EGR rate, and thereby suppress the EGR rate from
overshooting, as shown in FIG. /7B.

[0066] Although the present invention has been

described above with reference to the specific embodiments,
the present invention is not limited to the embodiments,

but includes various variations and modifications. For
example, the present invention is applied to an engine
provided with a turbocharger in the embodiments, but may
be applied to a normally aspirated engine provided with no

turbocharger.
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CLAIMS

1. An engine control method comprising:
opening and closing an EGR passage by an EGR
control valve, wherein the EGR passage is configured to

recirculate a part of exhaust gas from an exhaust

passage to an intake passage;
setting a basic opening of the EGR control valve,

based on a current engine operation state;

sensing an actual exhaust system temperature that
is a current temperature of an exhaust system;

calculating a differential pressure across the EGR
control valve, based on the actual exhaust system

temperature;

calculating a reference differential pressure that is
a differential pressure across the EGR control valve in a
steady state corresponding to the current engine

operation state;

calculating a reference pulsation amplitude that is
an amplitude of pulsation of the reference differential

pressure; and
correcting the basic opening, based on the

differential pressure, the reference differential pressure,

and the reference pulsation amplitude.

2. The engine control method as claimed in Claim 1,
comprising:

calculating a pulsation compensation factor such
that an actual pulsation flow rate is equal to a reference

pulsation flow rate, wherein the actual pulsation flow
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rate is an average flow rate of EGR gas per period of
pulsation of the differential pressure, and wherein the
reference pulsation flow rate is an average flow rate of
EGR gas per period of pulsation of the reference
differential pressure; and

correcting the basic opening by using the pulsation

compensation factor.

3. The engine control method as claimed in Claim 1 or
2, comprising:

calculating a differential pressure compensation
factor such that a flow rate of EGR gas at the actual
exhaust system temperature is equal to a flow rate of
EGR gas in the steady state; and

correcting the basic opening by using the

differential pressure compensation factor.

4, The engine control method as claimed in any one of
Claims 1 to 3, comprising:

calculating a reference exhaust system temperature
that is a temperature of the exhaust system in the
steady state corresponding to the current engine
operation state; and

correcting the basic opening in response to a
condition that a temperature difference between the
actual exhaust system temperature and the reference

exhaust system temperature is greater than or equal to

a predetermined threshold value.
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5. The engine control method as claimed in any one of
Claims 1 to 4, comprising:

calculating an actual pulsation amplitude, based on
the reference pulsation amplitude and the temperature
difference between the actual exhaust system
temperature and the reference exhaust system
temperature, wherein the actual pulsation amplitude is

an amplitude of pulsation of the differential pressure;

and

calculating the pulsation compensation factor,

based on the differential pressure, the reference

differential pressure, the actual pulsation amplitude, and

the reference pulsation amplitude.

6. The engine control method as claimed in any one of
Claims 1 to 5, with a turbocharger for supercharging
intake air, and a wastegate valve for regulating a boost
pressure supplied by the turbocharger, the engine

control method comprising:

calculating an actual pulsation amplitude, based on
the reference pulsation amplitude and an opening of the
wastegate valve, wherein the actual pulsation amplitude

is an amplitude of pulsation of the differential pressure;

and
calculating the pulsation compensation factor,

based on the differential pressure, the reference

differential pressure, the actual pulsation amplitude, and

the reference pulsation amplitude.
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7. The engine control method as claimed in any one of
Claims 1 to 6, with an intake air flow rate regulation
valve disposed in a part of the intake passage upstream
of a place where the EGR passage is connected to the
intake passage, the engine control method comprising:

driving the intake air flow rate regulation valve in a
closing direction, in response to presence of a request
for EGR; and

correcting the basic opening, after completion of

the driving of the intake air flow rate regulation valve in

the closing direction.

8. The engine control method as claimed in any one of
Claims 1 to 7, comprising correcting the basic opening
by increasing the basic opening in response to vehicle

acceleration.

9. The engine control method as claimed in any one of
Claims 1 to 8, comprising correcting the basic opening
by reducing the basic opening in response to vehicle

deceleration.

10. An engine control device comprising:

an EGR passage configured to recirculate a part of
exhaust gas from an exhaust passage to an intake
passage;

an EGR control valve configured to open and close

the EGR passage;
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a basic opening setting part configured to set a
basic opening of the EGR control valve, based on a
current engine operation state;

an actual exhaust system temperature sensing part
configured to sense an exhaust system temperature;

a differential pressure calculating part configured
to calculate a differential pressure across the EGR
control valve, based on an actual exhaust system
temperature sensed by the actual exhaust system
temperature sensing part;

a reference differential pressure calculating part
configured to calculate a reference differential pressure
that is a differential pressure across the EGR control
valve in a steady state corresponding to the current
engine operation state;

a reference pulsation amplitude calculating part
configured to calculate a reference pulsation amplitude
that is an amplitude of pulsation of the reference
differential pressure; and

a correcting part configured to correct the basic
opening, based on the differential pressure, the

reference differential pressure, and the reference

pulsation amplitude.
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FIG. 3
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FIG. 4
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FIG. 5
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