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(57) ABSTRACT 

Acompression-ignition internal combustion engine for con 
ducting pilot injection and main injection beyond the top 
dead center, Wherein pilot injection quantity and timing are 
optimized. A compression-ignition internal combustion 
engine, comprising a fuel injection valve for injecting fuel 
into a combustion chamber in a cylinder, the quantity and 
timing of the fuel injected through the fuel injection valve 
being controlled based on engine operating conditions; 
Wherein pilot injection is carried out prior to the top dead 
center of compression, main injection is then carried out 
beyond the top dead center of compression, and fuel injec 
tion quantity and fuel injection timing of the pilot injection 
are set such that the maximum rate of heat release induced 
by the pilot injection is 60 kJ/s or less 
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COMPRESSION-IGNITION INTERNAL 
COMBUSTION ENGINE 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

[0001] This Application is entitled to the bene?t of and 
incorporates by reference essential subject matter disclosed 
in Japanese Patent Applications No. 2001-315289 ?led Oct. 
12, 2001 and No.2001-350138 ?led Nov. 15, 2001. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a compression 
ignition internal combustion engine, and more particularly 
to a compression-ignition internal combustion engine 
designed to clean exhaust gas by improving combustion 
features. 

[0004] 2.Description of the Related Art 

[0005] Demand for environmental compliance concerning 
internal combustion engines, and more particularly diesel 
engines, has recently increased, and there is an urgent need 
to improve exhaust gas. Consequently, although various 
post-treatment techniques such as diesel particulate ?lters 
(DPF) for collecting black smoke and other types of soot, 
and NOx catalysts for reducing and cleaning NOx are 
making remarkable progress, methods for improving com 
bustion features as such must still involve drastic measures. 

[0006] Common diesel combustion is performed using 
diffusion combustion, Which is a combustion mode in Which 
single-stage (one-time) fuel injection is performed near the 
top dead center of compression (usually about 10° BTDC to 
10° AT DC) at Which cylinder pressure and temperature has 
sufficiently increased; the fuel is partially ignited after a 
speci?c ignition delay time expires; the fuel is evaporated, 
mixed With air, and combusted according to diffusion of the 
fuel; and combustion is conducted While the ?ames are 
turbulently diffused in sequence. 

[0007] HoWever, various improvements have been made 
concerning the recent increase in demands for reducing 
smoke and NOx in exhaust gas. Exhaust gas recirculation 
(EGR) has been knoWn in the past to be effective for 
reducing NOx, and is noW in Wide use. HoWever, since EGR 
entails re?uxing the exhaust gas, Worsening of the smoke 
problem cannot be avoided. 

[0008] In certain cases of regular combustion, cylinder 
pressure may suddenly increase as a result of rapid initial 
combustion, and loud combustion noise may occur. In order 
to prevent this, a tWo-stage injection process is conducted 
Wherein a pilot injection of a small amount is executed prior 
to the main injection (primary injection), Which is done at 
regular timing. In this case, after the fuel is ignited by the 
pilot injection and an ignition source is created, the fuel from 
the main injection is burned using the ignition source, 
Whereby rapid initial combustion and a rapid increase in 
cylinder pressure are suppressed, and combustion noise is 
prevented. The combustion features at this point are sub 
stantially identical to diffusion combustion. 

[0009] HoWever, such regular pilot/main injection is dis 
advantageous in that the smoke problem is exacerbated 
When pilot injection is conducted. 

Aug. 14, 2003 

[0010] Recently, neW combustion systems have been pro 
posed in regards to these techniques. One is knoWn as 
modulated kinetics (MK) combustion, aimed at simulta 
neously reducing NOx and smoke. This can also be referred 
to as loW-temperature premixed combustion, and the sum 
mary thereof is as folloWs. Speci?cally, since loWering 
combustion temperature is effective in reducing NOx, this is 
done by comparatively massive EGR. There is the concern 
that smoke Will increase if this approach is adopted, but this 
is dealt With by premixing the fuel. Premixing involves tWo 
methods, Which are advanced injection Wherein fuel is 
injected earlier than normal, and retarded injection Wherein 
fuel is injected later than normal, but retarded injection is 
employed because of dif?culty With ignition time control in 
advanced injection. In summary, MK combustion involves 
the simultaneous reduction of NOx and smoke by combining 
massive EGR and retarded injection. Reference literature 
includes “Proceedings of the Automobile Engineering Soci 
ety,” vol. 28, No. 1, 1997-1, p. 41; and Ibid., vol. 28, No. 2, 
1997-4, p. 29. 

[0011] With MK combustion, hoWever, single-stage injec 
tion is conducted beyond the top dead center of compres 
sion, and ignition and combustion are sloWly done after a 
comparatively long premixing time, so fuel consumption 
tends to deteriorate, combustion becomes unstable due to 
loW cylinder pressure, and accidental ?ameouts or White 
smoke are apt to occur. Since this procedure is based on 
massive EGR, it is impossible to expect that a signi?cant 
smoke reduction effect can be obtained. 

[0012] As shoWn in Japanese Patent Application Laid 
open No. 2000-310150, pilot injection is conducted earlier 
than normal, and there are devices in Which main injection 
is performed With timing that may cause accidental ?ame 
outs Without primary injection. This is intended to further 
reduce NOx. 

[0013] Although this is effective in reducing NOx, it also 
results in Worsening of smoke because continuous combus 
tion induced by the pilot injection occurs prior to the main 
injection and smoke is produced as a result of combustion 
induced by the pilot injection. 

[0014] Consequently, it is dif?cult to improve smoke With 
these techniques, Which may not necessarily be suf?cient to 
satisfy strict regulations in the future 

SUMMARY OF THE INVENTION 

[0015] The present invention Was therefore devised in 
vieW of the above, and an object thereof is to suppress smoke 
by optimiZing the quantity and timing of the pilot injection 
in a compression-ignition internal combustion engine in 
Which pilot injection is performed and main injection is 
carried out beyond the top dead center of compression. 

[0016] Another object of the present invention is to control 
the instability of combustion in the loW-load areas of an 
engine. 
[0017] The present invention is a compression-ignition 
internal combustion engine comprising a fuel injection valve 
for injecting fuel into a combustion chamber in a cylinder, 
the fuel injection quantity and the fuel injection timing being 
controlled based on the engine operating conditions; 
Wherein pilot injection of a comparatively small quantity is 
carried out through the fuel injection valve prior to the top 
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dead center of compression, and main injection of a com 
paratively large quantity is then carried out through the fuel 
injection valve beyond the top dead center of compression; 
and the fuel injection quantity and fuel injection timing for 
the pilot injection are set such that the maximum rate of heat 
release induced by the pilot injection is 60 kJ/s or less. 

[0018] The timing on the most spark-advanced side of the 
pilot injection should preferably correspond to the time of a 
crank angle at Which the fuel injected through the fuel 
injection valve moves past the inlet edge of the cavity 
formed at the top of the piston. 

[0019] The EGR performed by an EGR apparatus should 
preferably be carried out according to the pilot injection and 
main injection. 

[0020] The above-mentioned compression-ignition inter 
nal combustion engine may be a common-rail diesel engine. 

[0021] The present invention is a common-rail diesel 
engine comprising a fuel injection valve for injecting fuel 
into a combustion chamber in a cylinder, a common rail for 
constantly supplying high-pressure fuel to the fuel injection 
valve, and control means for controlling the fuel injection 
valve such that the quantity and timing of the fuel injected 
through the fuel injection valve are equivalent to the quan 
tity and timing determined in advance based on the operat 
ing conditions of the engine; Wherein the control means 
carries out pilot injection of a comparatively small quantity 
through the fuel injection valve prior to the top dead center 
of compression and then carries out main injection of a 
comparatively large quantity through the fuel injection valve 
beyond the top dead center of compression, and the pilot 
injection is carried out based on the fuel injection quantity 
and fuel injection timing such that the maXimum rate of heat 
release induced by the pilot injection is 60 kJ/s or less. 

[0022] The present invention is a method for controlling a 
compression-ignition internal combustion engine con?gured 
such that the quantity and timing of the fuel injected through 
the fuel injection valve into the combustion chamber in the 
cylinder is controlled based on the operating conditions of 
the engine; Wherein pilot injection of a comparatively small 
quantity is carried out through the fuel injection valve prior 
to the top dead center of compression, and main injection of 
a comparatively large quantity is then carried out through the 
fuel injection valve beyond the top dead center of compres 
sion; and the fuel injection quantity and fuel injection timing 
in the pilot injection are set such that the maXimum rate of 
heat release induced by the pilot injection is 60 kJ/s or less. 

[0023] The present invention is a compression-ignition 
internal combustion engine comprising a fuel injection valve 
for injecting fuel into a combustion chamber in a cylinder, 
the quantity and timing of the fuel injected through the fuel 
injection valve being controlled based on the engine oper 
ating conditions; Wherein the apparatus comprises as fuel 
injection control modes a ?rst injection mode in Which pilot 
injection is carried out through the fuel injection valve With 
a fuel injection quantity and fuel injection timing such that 
the maXimum rate of heat release induced by the pilot 
injection is 60 kJ/s or less, and main injection is then carried 
out through the fuel injection valve at a timing beyond the 
top dead center of compression; and a second injection mode 
in Which pilot injection and main injection are carried out 
through the fuel injection valve on the basis of conditions 
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that do not ful?ll the conditions of the ?rst injection mode; 
and the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second injection 
mode in the loW-load areas of the engine operating condi 
tions, and fuel injection control is implemented in the ?rst 
injection mode in the high-load areas of the engine operating 
conditions. 

[0024] In this arrangement, regular pilot/main injection is 
performed instead of loW-heat-rate pilot/main injection in a 
loW-load area. Combustion instability in a loW-load area can 
thereby be controlled. 

[0025] In a loW-load area of an engine, the fuel injection 
control modes are preferably sWitched such that fuel injec 
tion control is implemented in the second injection mode in 
a loW-speed area of the engine and fuel injection control is 
implemented in the ?rst injection mode in a high-speed area 
of the engine. 

[0026] Hysteresis is preferably provided to the sWitch 
points of the fuel injection control modes. 

[0027] Speci?c smoothing control is preferably imple 
mented When the fuel injection control modes are sWitched. 

[0028] In the above-mentioned compression-ignition 
internal combustion engine mounted in a vehicle, damper 
control is implemented to prevent coupled vibration of the 
engine and vehicle When the fuel injection quantity changes 
rapidly, and When the fuel injection control modes are 
sWitched during implementation of the damper control, the 
fuel injection control modes are preferably switched after a 
speci?c time elapses folloWing the start of the damper 
control. 

[0029] The EGR performed by a EGR apparatus should 
preferably be carried out according to the ?rst injection 
mode. 

[0030] The above-mentioned compression-ignition inter 
nal combustion engine may be a common-rail diesel engine. 

[0031] The present invention is a common-rail diesel 
engine comprising a fuel injection valve for injecting fuel 
into a combustion chamber in a cylinder, a common rail for 
constantly supplying high-pressure fuel to the fuel injection 
valve, and control means for controlling the injector such 
that the quantity and timing of the fuel actually injected 
through the fuel injection valve are equivalent to the target 
fuel injection quantity and target fuel injection timing deter 
mined in advance based on the operating conditions of the 
engine; Wherein the control means comprises as fuel injec 
tion control modes a ?rst injection mode in Which pilot 
injection is carried out through the fuel injection valve With 
a fuel injection quantity and fuel injection timing such that 
the maXimum rate of heat release induced by the pilot 
injection is 60 kJ/s or less, and main injection is then carried 
out through the fuel injection valve at a timing beyond the 
top dead center of compression; and a second injection mode 
in Which pilot injection and main injection are carried out 
through the fuel injection valve on the basis of conditions 
that do not ful?ll the conditions of the ?rst injection mode; 
and the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second injection 
mode in the loW-load areas of the engine, and fuel injection 
control is implemented in the ?rst injection mode in the 
high-load areas of the engine. 
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[0032] The present invention is a method for controlling a 
compression-ignition internal combustion engine con?gured 
such that the quantity and timing of the fuel injected through 
the fuel injection valve into the combustion chamber in the 
cylinder is controlled based on the operating conditions of 
the engine; Wherein the control method comprises as fuel 
injection control modes a ?rst injection mode in Which pilot 
injection is carried out through the fuel injection valve With 
a fuel injection quantity and fuel injection timing such that 
the maximum rate of heat release induced by the pilot 
injection is 60 kJ/s or less, and main injection is then carried 
out through the fuel injection valve at a timing beyond the 
top dead center of compression; and a second injection mode 
in Which pilot injection and main injection are carried out 
through the fuel injection valve on the basis of conditions 
that do not ful?ll the conditions of the ?rst injection mode; 
and the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second injection 
mode in the loW-load areas of the engine, and fuel injection 
control is implemented in the ?rst injection mode in the 
high-load areas of the engine. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 is a structural diagram depicting a com 
pression-ignition internal combustion engine relating to the 
embodiments of the present invention; 

[0034] FIG. 2 is a graph depicting the relationship 
betWeen pilot injection timing and rate of heat release; 

[0035] FIG. 3 is a graph depicting the relationship 
betWeen pilot injection timing and rate of heat release; 

[0036] FIG. 4 is a graph depicting the relationship 
betWeen pilot injection timing and rate of heat release; 

[0037] FIG. 5 is a graph depicting the relationship 
betWeen pilot injection timing and the maximum rate of heat 
release; 
[0038] FIG. 6 is a graph depicting the relationship 
betWeen soot and the maximum rate of heat release; 

[0039] FIG. 7 is a sWitching map of the fuel injection 
control modes; 

[0040] FIG. 8 depicts the hysteresis at the mode sWitching 
points; 
[0041] FIG. 9 is a time chart depicting the details of 
smoothing control; 
[0042] FIGS. 10a-10c are time charts schematically 
depicting the details of damper control; and 

[0043] FIGS. 11a-11c are time charts depicting the details 
of delay control of the mode sWitching. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0044] The preferred embodiments of the present inven 
tion are described beloW in detail With reference to the 
accompanying diagrams. 
[0045] FIG. 1 depicts a compression-ignition internal 
combustion engine relating to the present embodiment. The 
compression-ignition internal combustion engine mentioned 
here refers to an engine in Which the fuel injected into the 
combustion chamber is spontaneously ignited in the cylinder 
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by the compression in the cylinder, and is typically a diesel 
engine. In the particular case of the present embodiment, the 
engine is a common-rail diesel engine comprising a common 
rail fuel injection apparatus. As a matter of convenience, the 
diagram shoWs a single cylinder, but a multi-cylinder is of 
course also acceptable. This engine is mounted in a vehicle. 

[0046] 1 is an engine body comprising a cylinder 2, a 
cylinder head 3, a piston 4, an inlet port 5, an exhaust port 
6, an inlet valve 7, an exhaust valve 8, an injector 9 Which 
functions as a fuel injection valve, and the like. A fuel 
chamber 10 is formed inside the cylinder 2, and fuel is 
injected into the fuel chamber 10 from the injector 9. A 
cavity 11 is formed at the top of the piston 4, and the cavity 
11 forms part of the fuel chamber 10. The bottom center of 
the cavity 11 protrudes to form a feature of reentrant 
combustion chamber. The fuel injected through the injector 
9 alWays enters the cavity 11. This is because a unburned HC 
exhaust and other undesirable phenomena occur When the 
fuel deposits on the sideWall of the cylinder 2. 

[0047] The inlet port 5 is connected to an inlet tube 12, and 
the exhaust port 6 is connected to an exhaust port 13. A 
turbocharger 14 is also provided to the engine, and exhaust 
energy is used therein to supercharge the intake. 15 is a 
turbine, and 16 is a compressor. An intake quantity sensor 17 
is provided upstream of the compressor 16 to detect intake 
quantity, and an inter-cooler 18 is provided doWnstream of 
the compressor 16 to cool the intake. It is apparent, hoWever, 
that the present invention is also effective in a natural intake 
engine Without a turbocharger. 

[0048] This engine is also equipped With an EGR appa 
ratus 19. The EGR apparatus 19 comprises an EGR cylinder 
20 for connecting the inlet tube 12 and exhaust port 13, an 
EGR valve 21 for regulating EGR quantity, and an EGR 
cooler 22 for cooling EGR gas upstream of the EGR valve 
21. An intake throttle valve 23 is provided in the inlet tube 
12 for suitably extracting the intake upstream of the section 
connected With the EGR cylinder 20. 

[0049] The injector 9 is connected to a common rail 24, 
and high-pressure fuel equivalent to the injection pressure 
(20-200 MPa) collected in the common rail 24 is constantly 
supplied to the injector 9. PressuriZed fuel is supplied as 
needed to the common rail 24 by a high-pressure pump 25. 

[0050] An electronic control unit (referred to hereinbeloW 
as ECU) 26 is provided in order to electronically control the 
engine. The ECU 26 detects the actual engine operating 
conditions from various types of sensors, and controls a 
metering valve (not shoWn) or the like for adjusting the fuel 
pressure from the injector 9, the EGR valve 21, the intake 
throttle valve 23, and the high-pressure pump 25 on the basis 
of the engine operating conditions. In addition to the intake 
quantity sensor 17, an accelerator opening sensor, an engine 
revolution sensor, a common rail pressure sensor (none are 
shoWn), and the like are included as possible types of 
sensors, and an arrangement is also provided in Which the 
actual intake quantity, accelerator opening, engine revolu 
tion velocity (number of revolutions), engine crank angle, 
common rail pressure, and the like can be detected by the 
ECU 26. 

[0051] The injector 9 has an electromagnetic solenoid that 
is turned on and off by the ECU 26. The injector opens to 
inject fuel When the electromagnetic solenoid is on, and 
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closes to cut off fuel injection When the electromagnetic 
solenoid is off. The ECU 26 determines the target fuel 
injection quantity and target fuel injection timing primarily 
from the engine revolution velocity and accelerator opening, 
and turns the electromagnetic solenoid on for a time corre 
sponding to the target fuel injection quantity simultaneously 
With the actual ful?llment of this timing. “On” time 
increases With a greater target fuel injection quantity. 

[0052] To describe in further detail, the ECU 26 imple 
ments the tWo-stage injection involving pilot injection of a 
comparatively small quantity and main injection of a com 
paratively large quantity. Speci?cally, the target fuel injec 
tion timing and target fuel injection quantity based on the 
engine operating conditions are determined by the ECU 26 
both for the pilot injection and for main injection according 
to a map or the like determined in advance such that the 
injector 9 is turned on for a time corresponding to the 
respective target fuel injection quantity, and a pilot injection 
and main injection appropriate for the respective target fuel 
injection timing and target fuel injection quantity are per 
formed When the respective target fuel injection timing is 
achieved. 

[0053] The ECU 26 determines the target common rail 
pressure according to the engine operating conditions, and 
provides feedback control to the common rail pressure such 
that the actual common rail pressure Will approach the target 
common rail pressure. 

[0054] The injector 9, placed substantially along the same 
axis as the cylinder 2, injects fuel in all directions With a 
plurality of simultaneous injections. The angle formed by 
the axis line L of the fuel sprays and the cylinder center C 
is alWays constant. 

[0055] Next, the details of fuel injection control in the 
engine Will be described. 

[0056] The engine or ECU 26 comprises tWo fuel injection 
control modes. One is referred to as a loW-heat-rate pilot/ 
main injection mode (equivalent to the ?rst injection mode 
of the present invention), the other is referred to as a regular 
injection mode (equivalent to the second injection mode of 
the present invention). 

[0057] Regular injection mode refers to a mode in Which 
common pilot injection and main injection are carried out 
and in Which the fuel injection timing and fuel injection 
quantity are normally similar. In fuel injection timing, the 
main injection is commonly set near the same top dead 
center of compression (that is, 10° BTDC-10° ATDC), the 
pilot injection is set at 15 -20° BTDC prior to main injection, 
and the temporal interval (pilot interval) betWeen pilot 
injection and main injection is comparatively brief. As 
previously described, this combustion con?guration 
involves ignition and combustion of fuel from the main 
injection by an ignition source created by the pilot injection, 
and diffusion combustion is substantially adopted therefor. 
Rapid initial combustion and a rapid increase in cylinder 
pressure are prevented by such tWo-stage injection, and 
combustion noise is suppressed. 

[0058] The loW-heat-rate pilot/main injection mode Will 
noW be described. 

[0059] The quantity and timing of pilot injection for this 
mode are controlled such that the maximum rate of heat 
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release induced by the pilot injection is kept at 60 kJ/s or less 
in order to suppress soot formation. By reducing the maxi 
mum rate of heat release induced by the pilot injection, the 
quantity of soot emitted from the engine can be reduced by 
controlling the formation of soot induced by the pilot 
injection Without continuous combustion (during the time 
until the main injection is performed) of the fuel injected 
into the cylinder by the pilot injection. This combustion 
(injection) aspect is referred to as loW-heat-rate pilot/main 
combustion (injection), and the fuel combustion control 
mode in Which this combustion (injection) aspect is carried 
constitutes the loW-heat-rate pilot/main injection mode. 

[0060] FIG. 2 depicts experiment results obtained by 
examining heat generation conditions in the cylinder under 
variable pilot injection timing. The crank angle is plotted on 
the horiZontal axis. The loWermost FIG. 2(i a) depicts the 
solenoid current ?oWing through the electromagnetic sole 
noid of the injector 9, and FIG. 2(b) depicts the rate of heat 
release (quantity of heat released per second; kJ/s). The rate 
of heat release in FIG. 2(b) is the result calculated from the 
actual measurement of cylinder pressure. 

[0061] The draWing shoWs four injection con?gurations 
(1)-(4) in Which the timing and quantity of main injection 
and the quantity of pilot injection are kept constant, and the 
timing of pilot injection alone is varied. The pilot injection 
timings of (1), (2), (3), and (4) are 48° BTDC (—48° ATDC, 
same beloW), 38° BTDC, 28° BTDC, and 18° BTDC, 
respectively. The main injection timing is 5° ATDC. These 
timings are all de?ned by the ON start time of the injector 
9. 

[0062] The general pilot injection timing is set to approach 
the main injection as much as possible. Because of the 
limitations of the hardWare currently in Wide use, the timing 
is 15-20° BTDC at mid/loW-speed revolutions of 2500 rpm 
or less, so (4) may be regarded as a common pilot injection 
timing. Correspondingly, pilot injection timing is sequen 
tially accelerated or advanced in the order of (3), (2), 

[0063] The main injection timing of the present embodi 
ment is set beyond the top dead center TDC of compression, 
and is set to lag in comparison With general main injection 
timing under similar operating conditions. Speci?cally, main 
retarded injection is carried out. This is intended to facilitate 
dilution and premixing of fuel in areas of loWered cylinder 
temperature, and to reduce smoke. 

[0064] The rate of heat release resulting from the pilot 
injection has a distinct peak in the case of (3) and (4), 
Whereas this distinct peak is absent (1) and (2), as shoWn in 
FIG. 2(b). The peak value (maximum value) of the rate of 
heat release tends to increase With the lagging of the pilot 
injection timing from (1) to With (3) and (4), fuel (light 
oil) from the pilot injection undergoes continuous ignition or 
combustion at peak release times, Whereby soot is projected 
to form. Consequently, the pilot injection timings of (3) and 
(4) are not particularly advantageous. 

[0065] Conversely, it is believed that since fuel is injected 
at loWer cylinder pressure and cylinder temperature With 
earlier pilot injection timing in cases such (1) and (2), 
suf?cient premixing is possible until reaching a cylinder 
pressure and cylinder temperature at Which ignition is pos 
sible, and the rate of heat release does not yield a distinct 
peak, nor does soot form. 
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[0066] From these results, the inventors conducted experi 
ments (see below) concerning the rate of heat release 
induced by pilot injection, and discovered that there is a 
strong correlation betWeen the peak rate of heat release 
induced by pilot injection and soot formation When per 
formed in conjunction With main injection. In vieW of this, 
it Was decided to optimiZe the fuel injection quantity and 
fuel injection timing during pilot injection in the manner 
described beloW. 

[0067] HoWever, the pilot injection fuel has a strong 
tendency to combust together With the main injection fuel 
implemented after the top dead center, and the peak value of 
the rate of heat release tends to increase during combustion 
of the main injection fuel in (1) and (2) in proportion to the 
absence of a peak in the rate of heat release When compared 
With (3) and (4), as shoWn in the draWing. The peak value 
of the rate of heat release occurring after the main injection 
is highest at (1), and decreases successively at (2), (3), and 
(4). In other Words, as the pilot injection is conducted earlier, 
ignition delay increases and the fuel has a stronger tendency 
to combust at once together With the main injection fuel. 

[0068] With such early pilot injection, a high peak value of 
the rate of heat release (compared With normal pilot injec 
tion) can be obtained after the main injection implemented 
after the top dead center, so combustion is conducted com 
paratively more rapidly, and it is possible for output to be 
improved and for fuel consumption to be reduced. 

[0069] As previously described, it can be concluded that 
an earlier pilot injection timing is better, but an excessively 
early timing causes the piston to be positioned rather loW, 
and hence prevents the fuel injected through the injector 
from entering the cavity any longer. When this happens, fuel 
deposits on the side Wall of the cylinder, oil is diluted, and 
unburned HC increases, and other problems occur. Conse 
quently, the limit of pilot injection timing on the spark 
advance side should preferably correspond to timing in 
Which fuel injected through the injector enters the cavity at 
the last moment. In other Words, this is achieved When the 
crank angle is such that the fuel L injected through the 
injector 9 moves past the inlet edge 27 of the cavity 11, as 
shoWn in FIG. 1. This crank angle is commonly about 50° 
BTDC. 

[0070] The limit for delaying the pilot injection timing and 
the pilot injection quantity should be appropriately deter 
mined With consideration for the correlation betWeen soot 
and the rate of heat release such as previously described. 
Speci?cally, When pilot injection timing is made to lag 
excessively or When pilot injection quantity is set to an 
excessively high level, the rate of heat release forms a 
distinct peak and soot is formed. 

[0071] The results of experiments conducted to determine 
the above are shoWn in FIGS. 5 and 6. 

[0072] FIG. 5 shoWs the results of examining the rela 
tionship betWeen pilot injection timing and the maximum 
rate of heat release induced by pilot injection. Pilot injection 
timing (° AT DC) is plotted on the horiZontal axis, and the 
maximum rate of heat release (kJ/s; kilojoules per second) is 
plotted on the vertical axis. FIG. 6 shoWs the results of 
examining the relationship betWeen soot and the maximum 
rate of heat release induced by pilot injection. Soot 
(g/kWh)is plotted on the horiZontal axis, and the maximum 
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rate of heat release (kJ/s) is plotted on the vertical axis. The 
maximum rate of heat release mentioned here refers to the 
peak value (maximum value) of the rate of heat release 
induced by the pilot injection and occurring prior to the top 
dead center in the line diagram of the rate of heat release in 
FIG. 2. 

[0073] Experiments Were conducted concerning tWo types 
of pilot injection quantities (A; 3 mm3/st, B; 6 mm3/st) in a 
multi-cylinder engine With an engine displacement (an 
exhaust quantity) of approximately 800 cc per cylinder, and 
one type of pilot injection quantity (C; 1.2 mm3/st) in a 
multi-cylinder engine With an engine displacement of 
approximately 400 cc per cylinder. For each of Athrough C, 
pilot injection timing Was varied betWeen —10 and —50° 
ATDC to yield the three lines A, B, and C in the graph. As 
common experimental conditions, the total fuel injection 
quantity is set such that the engine output torque is constant 
for the conditions in each of Athrough C, the total injection 
quantity is set to a middle load, and the main injection timing 
is set beyond the top dead center of compression. In this 
case, the main injection is conducted With a timing Which is 
beyond the top dead center of compression and at Which 
combustion progresses sloWly Without pilot injection, and 
also is conducted With a timing and quantity at Which 
ignition does not occur until the main injection is complete. 
It should be noted that since main injection is conducted 
prior to the top dead center and near the top dead center, 
ignition begins instantaneously, and it is impossible to 
reduce the smoke or NOx. 

[0074] Graphs in FIGS. 2, 3, and 4 correspond to A, B, 
and C, respectively. In other Words, the graphs in FIGS. 2, 
3, and 4 are made based on the results of experiments 
conducted under the conditions in A, B, and C, and graphs 
in FIGS. 5 and 6 are made as Well. 

[0075] As can be seen from FIG. 5, the maximum rate of 
heat release tends to decrease as the pilot injection timing is 
advanced. Also, as the pilot injection quantity decreases, 
there is a tendency for the maximum rate of heat release to 
decrease as Well as for the rate of increase (slope of the line 
diagram) of the maximum rate of heat release to decrease in 
relation to the delay of timing. 

[0076] Next, as the line diagram approaches the left-hand 
side in FIG. 6, pilot injection timing is advanced, the 
maximum rate of heat release is reduced, and soot is also 
reduced. If the maximum rate of heat release is 60 kJ/s or 
less, a satisfactory soot level can be obtained under any of 
the conditions in A, B, or C. 

[0077] From these results, the fuel injection quantity and 
fuel injection timing for the pilot injection are set to levels 
at Which the maximum rate of heat release in the combustion 
chamber is 60 kJ/s or less. Pilot injection conducted With 
such a fuel injection quantity and fuel injection timing is 
referred to as loW-heat-rate pilot injection. In other Words, 
pilot injection quantity and timing at Which the maximum 
rate of heat release reaches 60 kJ/s corresponds to the upper 
limit of injection quantity and the limit of on the spark-delay 
side of timing. Combustion of pilot injection fuel alone is 
thereby prevented, With the result that smoke can be con 
trolled in conjunction With the main injection implemented 
beyond the top dead center. 

[0078] Referring back to FIG. 5, the maximum rate of 
heat release reaches 60 kJ/s prior to approximately —39° 
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ATDC (39° BTDC) under the conditions in A (3 mm3/st), 
prior to approximately —40 ATDC (40° BTDC) under the 
conditions in B (6 mm3/st), and prior to approximately —27° 
ATDC (27° BTDC) under the conditions in C (1.2 mm3/st). 
In vieW of this, the pilot injection timings are set to corre 
spond With each of the conditions in A, B, and C. 

[0079] The combustion (injection) con?guration of the 
present embodiment, in Which pilot injection is performed 
such that the maximum rate of heat release reaches 60 kJ/s, 
is referred to as loW-heat-rate pilot/main combustion (injec 
tion), as described above. This combustion con?guration can 
be summariZed as folloWs. First, When pilot injection is 
conducted With an optimum quantity and optimum timing 
such as those described above, the injected fuel is suf? 
ciently diffused, diluted, and premixed in the combustion 
chamber, and continuous ignition and combustion of fuel in 
the cylinder can be suppressed. These conditions are then 
sustained until the period in Which the top dead center TDC 
of compression is surpassed and the main injection is 
combusted. When main injection is carried out in the main 
injection period (Which is set beyond the top dead center), 
cylinder pressure and temperature decrease beloW their 
regular levels, so the main injection fuel is ignited and 
combusted together With the diluted pre-mixture by the pilot 
injection after an ignition delay time longer than normal has 
elapsed. Since premixing of the main injection fuel has 
already suf?ciently advanced at this point, the combustion 
induced soot formation is suppressed. 

[0080] In accordance With loW-heat-rate pilot/main injec 
tion (also referred to hereinbeloW as the “present combus 
tion method”), loW-heat-rate pilot injection is performed in 
addition to retarded main injection, so the premixing time 
that folloWs the main injection can be shortened in com 
parison With the retarded combustion of single-stage injec 
tion, and combustion after the main injection can be con 
ducted rapidly at loW temperatures in the cylinder. This 
prevents fuel economy from being adversely affected. Cyl 
inder temperature during the combustion of main injection 
fuel can also be increased by premixing the pilot injection 
fuel, and combustion can be stabiliZed. 

[0081] In the present combustion method, pilot injection is 
conducted at optimum quantity and optimum timing as 
previously described, so the pilot injection fuel is prevented 
from being combusted prior to main injection, and smoke 
can be improved in comparison With the technique described 
in Japanese Patent Application Laid-open No. 2000-310150. 

[0082] Thus, in a compression-ignition internal combus 
tion engine for conducting pilot injection and retarded main 
injection beyond the exact dead center of compression, pilot 
injection quantity and timing can be corrected, and the 
smoke created by the pilot injection can be controlled. 

[0083] In addition, EGR can be performed by the EGR 
apparatus 19 and NOx can be suppressed in the loW-heat 
rate pilot/main injection mode (?rst injection mode). 

[0084] Although the present combustion method has the 
aforementioned merits, the problem of unstable combustion 
due reduced combustion ?ammability arises When the 
engine operates in a loW-load area. 

[0085] In vieW of this, the engine of the present embodi 
ment is operated such that fuel injection control is performed 
by sWitching from the fuel injection control mode to a 
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regular injection mode (second injection mode) in a loW 
load area. This is described in detail beloW. 

[0086] FIG. 7 is a sWitching map of the fuel injection 
control modes prerecorded by the ECU 26. The ECU 26 
performs fuel injection control by comparing the map With 
the actual load and number of engine revolutions (engine 
speed) and selecting either the ?rst injection mode or the 
second injection mode. As can be seen from the map, fuel 
injection control is implemented in the second injection 
mode in area II of loW load and loW revolutions, and fuel 
injection control is implemented in the ?rst injection mode 
in area I of either a high load (Which exceeds the loW load) 
or high revolutions. The second injection mode may be set 
in a uniform manner in a loW-load area, but since the 
problem of reduced fuel ignition does not arise in an area 
high revolutions even When the load is loW, fuel injection 
control is performed in the ?rst injection mode in an area of 
loW load and high revolutions, making it possible to obtain 
the bene?ts of the present combustion method. Furthermore, 
area I (in Which the ?rst injection mode is used throughout 
the entire operating area) is much Wider than area II (in 
Which the second injection mode is used), making it possible 
to obtain the bene?ts of the present combustion method in a 
Wide range of operating areas. 

[0087] Although this can be achieved solely at loW revo 
lutions, unstable combustion can thus be controlled because 
the fuel injection control mode is sWitched to the second 
injection mode in the loW-load areas. 

[0088] Modes are thus sWitched in the simplest possible 
manner When the actual operating condition surpasses the 
sWitching point H. HoWever, this method has disadvantages 
in that frequent sWitching is made and hunting occurs When 
the operating conditions are maintained near the sWitching 
point H. 

[0089] In order to prevent this, hysteresis is preferably 
provided to the sWitching point, as shoWn in FIG. 8. 
Speci?cally, FIG. 8 shoWs hysteresis in relation to engine 
load, Wherein the value H1 on the high-load side is a 
sWitching load from the second injection mode to the ?rst 
injection mode, and the value H2 on the loW-load side is a 
sWitching load from the ?rst injection mode to the second 
injection mode are denoted by. Providing such a system 
alloWs hunting to be prevented and control to be stabiliZed. 
It is also preferable to provide such a system to sWitching 
points based on the number of engine revolutions. 

[0090] HoWever, this type of mode sWitching has the 
folloWing draWback. Speci?cally, With the ?rst injection 
mode and second injection mode, a map With different target 
fuel injection timings and target fuel injection quantities is 
prepared in advance and recorded by the ECU 26. When a 
sWitch is then made, the fuel injection timing and quantity 
may vary, and in the case of an engine mounted in a vehicle, 
the shock of sWitching based on these variations are per 
ceived by the passengers. 

[0091] It is preferable to implement smoothing control 
such as that described hereinbeloW in order to prevent this 
shock of sWitching. 

[0092] FIG. 9 depicts the details of smoothing control, 
With the upper portion depicting the fuel injection control 
modes, and the loWer portion depicting main injection 
timing. As shoWn in the loWer portion, the main injection 
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timing values (more speci?cally, the values of target fuel 
inj ection timing for main injection) near the mode switching 
points are different for both modes. The values of the second 
injection mode are denoted by t2, and the values of the ?rst 
injection mode are denoted by t1. 

[0093] When the fuel injection control mode is sWitched 
from the second injection mode to the ?rst injection mode on 
the basis of variations in the engine 

[0094] 
[0095] operating conditions (al), the main injection timing 
is not immediately sWitched from the second injection mode 
value t2 to the ?rst injection mode value t1, but is gradually 
sWitched over from the second injection mode value t2 to the 
?rst injection mode value t1 (b1). When a lamp function is 
set for the transition in the illustrated example, the lamp 
constant is set to a value Within a range in Which the 
sWitching does not produce any shock. 

[0096] Next, When the fuel injection control mode is 
sWitched (a2) from the ?rst injection mode to the second 
injection mode on the basis of variations in the engine 
operating conditions, the main injection timing is not imme 
diately sWitched from the ?rst injection mode value t1 to the 
second injection mode value t2, but is gradually sWitched 
over from the ?rst injection mode value t1 to the second 
injection mode value t2 (b2). This transition is performed 
according to a lamp function in the same manner as above. 

[0097] Performing such smoothing control alloWs sudden 
changes in main injection timing to be prevented together 
With the shocks of sWitching betWeen the fuel injection 
control modes. 

[0098] The illustrated example depicted main injection 
timing, but such smoothing control should also be applied as 
needed to the main injection quantity, pilot injection timing, 
and pilot injection quantity. 

[0099] Another feature of the engine of the present 
embodiment is that a variable vane provided to the turbine 
15 of the turbocharger 14 is controlled according to the 
operating conditions of the engine, an intake throttle valve 
23 is controlled according to the operating conditions of the 
engine, making it possible to control the air intake. The 
target values of the variable vane opening, intake throttle 
valve opening, and air intake are prerecorded in the ECU 26 
for each fuel injection control mode in a map con?guration 
according to the engine operating conditions, and the target 
values are determined by comparing the actual engine 
operating conditions With the map. 

[0100] In this case, the above-mentioned smoothing con 
trol should preferably be implemented When the target 
values of the variable vane opening, intake throttle valve 
opening, or air intake vary betWeen the modes during 
sWitching betWeen the fuel injection control modes. 

[0101] In the engine of the present embodiment, damper 
control is implemented to prevent coupled vibration of the 
engine and vehicle during comparatively sudden changes in 
fuel injection quantity. 

[0102] Details of this type of control are schematically 
depicted in FIGS. 10a-10c. For example, When the driver 
suddenly presses the accelerator and the actual engine 
conditions suddenly change, the target fuel injection value 
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Qt suddenly increases, as shoWn in the draWing. Normally, 
a fuel injection quantity equivalent to the target fuel injec 
tion quantity Qt is actually injected, so the engine torque 
suddenly increases, and the vehicle rapidly accelerates. 
HoWever, the engine mount can be regarded as an elastic 
body, so the engine sometimes vibrates along With the 
sudden increase in engine torque, and this vibration couples 
With the vibration of the vehicle to generate a large coupled 
vibration R in the vehicle, as shoWn in the diagram. Con 
sequently, damper control automatically controls the fuel 
injection quantity of the engine, such that vibration in 
opposite phase of the coupled vibration R (indicated by the 
dotted line) is supplied to control the coupled vibration R. 
Damper control is conducted When the differential AQt 
(=dQt/dt) of the target fuel injection quantity Qt surpasses 
the previously set threshold value S. 

[0103] When operations that involve sWitching betWeen 
damper control and fuel injection control modes interfere 
With each other and are performed simultaneously, the 
variations in fuel injection quantity induced by damper 
control and the variations in fuel injection quantity and fuel 
injection timing induced by mode sWitching sometimes fail 
to conform to each other and amplify vehicle vibration. 
Instances of mode sWitching may therefore be perceived by 
the passengers. 

[0104] In order to prevent this phenomenon, the sWitching 
of fuel injection control modes is suspended during inter 
ference and resumed folloWing a delay. 

[0105] FIGS. 11a-11c depict details of this type of control, 
Where FIG. 1 a denotes the target fuel injection quantity Qt, 
FIG. 11b denotes the differential AQt (=dQt/dt) of the target 
fuel injection quantity Qt, and FIG. 11c denotes the fuel 
injection control modes. Dumper control is implemented 
only When the differential AQt exceeds the true threshold 
value S, and damper control is dispensed With When the 
differential AQt is negative. It is optional to implement 
damper control at the most negative value. 

[0106] The differential AQt of the ?rst sudden increase c1 
in the target fuel injection quantity Qt does not exceed the 
true threshold value S, so damper control is dispensed With. 
Consequently, the current mode is immediately sWitched in 
the manner indicated by d1 When the engine operating 
conditions approach the sWitching point of the fuel injection 
control modes. 

[0107] MeanWhile, the differential AQt of the next sudden 
increase c2 in the target fuel injection quantity Qt exceeds 
the true threshold value S. Damper control is therefore 
performed. At this point, the modes are not immediately 
sWitched in the manner indicated by d2 despite the fact that 
the engine operating conditions approach the sWitching 
point of the fuel injection control modes, and are sWitched 
after a speci?c delay time td folloWing the start of damper 
control implementation. The delay time td is set, for 
example, to 0.6 s such that the damper control is either 
entirely complete or substantially converged. 
[0108] Thus, vehicle vibration can be prevented from 
being ampli?ed When the fuel injection control modes are 
sWitched during damper control, since sWitching of the fuel 
injection control modes is implemented after a speci?c time 
has elapsed folloWing the start of damper control. 

[0109] Implementing the above-mentioned sWitching con 
trol (hysteresis control, smoothing control, and delay con 
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trol) every time the fuel injection control modes are 
switched makes it possible to reduce the effect of mode 
switching on drivability and alloWs the occurrence of 
sWitching shocks or the like to be suppressed. It is thus 
possible to prevent instances of sWitching from being 
noticed by the passengers, to conduct sWitching While 
upholding product performance, and to improve eXhaust gas 
characteristics across the entire operating range of an engine. 
It is also possible to appropriately combine the above 
mentioned sWitching control methods. 

[0110] Various other con?gurations can be adopted as 
embodiments of the present invention. For example, it is 
also possible to compensate for the sWitching point H on the 
sWitching map in FIG. 7 as the engine Warms up. Speci? 
cally, the map in question basically determines the condi 
tions after the engine Warms up, but When cylinder tempera 
ture is loW at times such as engine cooling, there is a chance 
that the heat released by the pilot injection may decrease and 
combustion may become unstable. The above-mentioned 
compensation is therefore effective in this case. For 
eXample, the sWitching point H should preferably be com 
pensated (converted) toWards higher loads and/or high revo 
lutions at loWer Water temperatures. 

[0111] In the present embodiment, a regular injection 
mode Was given as an eXample of the second injection mode 
of the present invention, but the second injection mode need 
not be limited thereto. In short, any of the injection modes 
for implementing pilot injection and main injection on the 
basis of conditions that do not ful?ll the conditions of the 
?rst injection mode can be used as the second injection 
mode. 

[0112] To summariZe the above, the present invention is 
highly advantageous in the sense that that loW-heat-rate pilot 
injection alloWs the smoke in eXhaust gas to be controlled 
When main injection is conducted beyond the top dead 
center. 

[0113] To further summariZe the above, the present inven 
tion is highly advantageous in the sense that unstable 
combustion in loW-load areas can be suppressed When 
loW-heat-rate pilot/main combustion is carried out. 

What is claimed is: 
1. A compression-ignition internal combustion engine, 

comprising a fuel injection valve for injecting fuel into a 
combustion chamber in a cylinder, the fuel injection quantity 
and the fuel injection timing being controlled based on the 
engine operating conditions; Wherein pilot injection of a 
comparatively small quantity is carried out through the fuel 
injection valve prior to the top dead center of compression, 
and main injection of a comparatively large quantity is then 
carried out through the fuel injection valve beyond the top 
dead center of compression; and the fuel injection quantity 
and fuel injection timing for the pilot injection are set such 
that the maXimum rate of heat release induced by the pilot 
injection is 60 kJ/s or less. 

2. The compression-ignition internal combustion engine 
according to claim 1, Wherein the timing on the most 
spark-advanced side of the pilot injection corresponds to the 
time of a crank angle at Which the fuel injected through the 
fuel injection valve moves past the inlet edge of the cavity 
formed at the top of the piston. 
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3. The compression-ignition internal combustion engine 
according to claim 1 or 2, Wherein the EGR performed by a 
EGR apparatus is carried out according to the pilot injection 
and main injection. 

4. The compression-ignition internal combustion engine 
according to any of claims 1 through 3, Wherein said 
compression-ignition internal combustion engine is a com 
mon-rail diesel engine. 

5. A common-rail diesel engine, comprising a fuel injec 
tion valve for injecting fuel into a combustion chamber in a 
cylinder, a common rail for constantly supplying high 
pressure fuel to the fuel injection valve, and control means 
for controlling the fuel injection valve such that the quantity 
and timing of the fuel injected through the fuel injection 
valve are equivalent to the quantity and timing determined 
in advance based on the operating conditions of the engine; 
Wherein the control means carries out pilot injection of a 
comparatively small quantity through the fuel injection 
valve prior to the top dead center of compression and then 
carries out main injection of a comparatively large quantity 
through the fuel injection valve beyond the top dead center 
of compression, and the pilot injection is carried out based 
on the fuel injection quantity and fuel injection timing such 
that the maXimum rate of heat release induced by the pilot 
injection is 60 kJ/s or less. 

6. A method for controlling a compression-ignition inter 
nal combustion engine such that the quantity and timing of 
the fuel injected through the fuel injection valve into the 
combustion chamber in the cylinder is controlled based on 
the operating conditions of the engine; Wherein pilot injec 
tion of a comparatively small quantity is carried out through 
the fuel injection valve prior to the top dead center of 
compression, and main injection of a comparatively large 
quantity is then carried out through the fuel injection valve 
beyond the top dead center of compression; and the fuel 
injection quantity and fuel injection timing in the pilot 
injection are set such that the maXimum rate of heat release 
induced by the pilot injection is 60 kJ/s or less. 

7. A compression-ignition internal combustion engine, 
comprising a fuel injection valve for injecting fuel into a 
combustion chamber in a cylinder, the quantity and timing 
of the fuel injected through the fuel injection valve being 
controlled based on the engine operating conditions; 
Wherein the compression-ignition internal combustion 
engine comprises as fuel injection control modes: 

a ?rst injection mode in Which pilot injection is carried out 
through the fuel injection valve With a fuel injection 
quantity and fuel injection timing such that the maXi 
mum rate of heat release induced by the pilot injection 
is 60 kJ/s or less, and main injection is then carried out 
through the fuel injection valve at a timing beyond the 
top dead center of compression; and 

a second injection mode in Which pilot injection and main 
injection are carried out through the fuel injection valve 
on the basis of conditions that do not ful?ll the condi 
tions of the ?rst injection mode; and 

the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second 
injection mode in the loW-load areas of the engine 
operating conditions, and fuel injection control is 
implemented in the ?rst injection mode in the high-load 
areas of the engine operating conditions. 
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8. The compression-ignition internal combustion engine 
according to claim 7, Wherein, in a loW-load area of the 
engine, the fuel injection control modes are sWitched such 
that fuel injection control is implemented in the second 
injection mode in a loW-speed area of the engine and fuel 
injection control is implemented in the ?rst injection mode 
in a high-speed area of the engine. 

9. The compression-ignition internal combustion engine 
according to claim 7 or 8, Wherein hysteresis is provided to 
the sWitch points of the fuel injection control modes. 

10. The compression-ignition internal combustion engine 
according to any of claims 7 through 9, Wherein speci?c 
smoothing control is implemented When the fuel injection 
control modes are sWitched. 

11. The compression-ignition internal combustion engine 
according to any of claims 7 through 10, Wherein the 
compression-ignition internal combustion engine is 
mounted in a vehicle, damper control is implemented to 
prevent coupled vibration of the engine and vehicle When 
the fuel injection quantity changes rapidly, and the fuel 
injection control modes are sWitched after a speci?c time 
elapses folloWing implementation of the damper control 
When the fuel injection control modes are sWitched during 
implementation of the damper control. 

12. The compression-ignition internal combustion engine 
according to any of claims 7 through 11, Wherein the EGR 
performed by a EGR apparatus is carried out according to 
the above-mentioned ?rst injection mode. 

13. The compression-ignition internal combustion engine 
according to any of claims 7 through 12, Wherein said 
compression-ignition internal combustion engine is a com 
mon-rail diesel engine. 

14. Acommon-rail diesel engine, comprising a fuel injec 
tion valve for injecting fuel into a combustion chamber in a 
cylinder, a common rail for constantly supplying high 
pressure fuel to the fuel injection valve, and control means 
for controlling the injector such that the quantity and timing 
of the fuel actually injected through the fuel injection valve 
are equivalent to the target fuel injection quantity and target 
fuel injection timing determined in advance based on the 

Aug. 14, 2003 

operating conditions of the engine; Wherein the control 
means comprises, as fuel injection control modes: 

a ?rst injection mode in Which pilot injection is carried out 
through the fuel injection valve With a fuel injection 
quantity and fuel injection timing such that the maXi 
mum rate of heat release induced by the pilot injection 
is 60 kJ/s or less, and main injection is then carried out 
through the fuel injection valve at a timing beyond the 
top dead center of compression; and 

a second injection mode in Which pilot injection and main 
injection are carried out through the fuel injection valve 
on the basis of conditions that do not ful?ll the condi 
tions of the ?rst injection mode; and 

the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second 
injection mode in the loW-load areas of the engine, and 
fuel injection control is implemented in the ?rst injec 
tion mode in the high-load areas of the engine. 

15. Amethod for controlling a compression-ignition inter 
nal combustion engine such that the quantity and timing of 
the fuel injected through the fuel injection valve into the 
combustion chamber in the cylinder is controlled based on 
the operating conditions of the engine; Wherein, as fuel 
injection control modes, are set: 

a ?rst injection mode in Which pilot injection is carried out 
through the fuel injection valve With a fuel injection 
quantity and fuel injection timing such that the maXi 
mum rate of heat release induced by the pilot injection 
is 60 kJ/s or less, and main injection is then carried out 
through the fuel injection valve at a timing beyond the 
top dead center of compression; and 

a second injection mode in Which pilot injection and main 
injection are carried out through the fuel injection valve 
on the basis of conditions that do not ful?ll the condi 
tions of the ?rst injection mode; and 

the fuel injection control modes are sWitched such that 
fuel injection control is implemented in the second 
injection mode in the loW-load areas of the engine, and 
fuel injection control is implemented in the ?rst injec 
tion mode in the high-load areas of the engine. 

* * * * * 


