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(57) ABSTRACT 

A system and method for actuating one or more engine 
valves to produce one or more internal exhaust gas recircu 
lation events is disclosed. The method of the present inven 
tion is a method of providing exhaust gas recirculation 
(EGR) in a multi-cylinder engine, each engine cylinder 
having at least one engine valve, intake and exhaust mani 
folds, and a valve actuator. The method comprises the steps 
of: imparting motion to the valve actuator; actuating the 
engine valve of a ?rst engine cylinder responsive to the 
imparted motion; determining a ?rst and a second engine 
parameter level; modifying the imparted motion responsive 
to the level of the ?rst engine parameter level and the second 
engine parameter level to produce an exhaust gas recircu 
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SYSTEM AND METHOD FOR INTERNAL 
EXHAUST GAS RECIRCULATION 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to a system 
and method for actuating one or more valves in an engine. 
In particular, the present invention relates to systems and 
methods for actuating one or more engine valves to produce 
an internal exhaust gas recirculation event. Embodiments of 
the present invention may provide internal exhaust gas 
recirculation in conjunction With main valve events (exhaust 
and/or intake), and With or Without other auxiliary valve 
events, such as, for example, engine braking events. 

BACKGROUND OF THE INVENTION 

[0002] The basic principles of exhaust gas recirculation 
(EGR) are Well knoWn. After a properly operating engine 
has performed Work on the combination of fuel and inlet air 
in its combustion chamber, the engine exhausts the remain 
ing gas from the engine cylinder. An EGR system alloWs a 
portion of these exhaust gases to How back into the engine 
cylinder. This recirculation of gases into the engine cylinder 
may be used during positive poWer operation, and/or during 
engine braking cycles to provide signi?cant bene?ts. 

[0003] During positive poWer operation, an EGR system is 
primarily used to improve engine emissions. During engine 
positive poWer, one or more intake valves may be opened to 
admit fuel and air from the atmosphere, Which contains the 
oxygen required to burn the fuel in the cylinder. The air, 
hoWever, also contains a large quantity of nitrogen. The high 
temperature found Within the engine cylinder causes the 
nitrogen to react With any unused oxygen and form nitrogen 
oxides (NOx). Nitrogen oxides are one of the main pollut 
ants emitted by diesel engines. The recirculated gases pro 
vided by an EGR system have already been used by the 
engine and contain only a small amount of oxygen. By 
mixing these gases With fresh air, the amount of oxygen 
entering the engine may be reduced and feWer nitrogen 
oxides may be formed. In addition, the recirculated gases 
may have the effect of loWering the combustion temperature 
in the engine cylinder beloW the point at Which nitrogen 
combines With oxygen to form NOx. As a result, EGR 
systems may Work to reduce the amount of NOx produced 
and to improve engine emissions. Current environmental 
standards for diesel engines, as Well as proposed regulations, 
in the United States and other countries indicate that the 
need for improved emissions Will only become more impor 
tant in the future. 

[0004] Generally, there are tWo types of EGR systems, 
internal and external. Many conventional EGR systems are 
external systems, Which recirculate the gases from the 
exhaust manifold to the intake port through external piping. 
Many of these systems cause exhaust gas to recirculate 
through the external piping by opening a normally closed 
EGR control valve in the piping during the intake stroke. 

[0005] For example, US. Pat. No. 5,617,726 (Apr. 8, 
1997) to Sheridan et al. and assigned to Cummins Engine 
Co., Inc discloses an EGR system Which includes an EGR 
line connecting the exhaust line and intake line of the 
engine, cooler means for cooling the recirculated portion of 
the exhaust gases, a bypass line for bypassing the cooler 
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means, and valve means for directing the How of the 
recirculated portion of the exhaust gases. 

[0006] US. Pat. No. 4,147,141 (Apr. 3, 1979) to Nagano 
and assigned to Toyota discloses an EGR system Which 
includes an EGR pipe for interconnecting an exhaust pipe 
and an intake pipe of an engine, an EGR cooler being 
positioned along the EGR pipe, a bypass pipe being arranged 
parallel to the EGR cooler, a selection valve for controlling 
the How of exhaust gas through the cooler bypass, and an 
EGR valve mounted on the EGR pipe for controlling the 
How of exhaust gas through the EGR pipe. 

[0007] Many external EGR systems require several addi 
tional components, such as, external piping, bypass lines, 
and related cooling mechanisms, in order for the system to 
operate properly. These additional components, hoWever, 
may signi?cantly increase the cost of the vehicle, and may 
increase the space required for the system, creating pack 
aging and manufacturing concerns. In addition, the combi 
nation of exhaust gas and moisture in the external piping 
may expedite the corrosion of system components, leading 
to reliability issues. Various embodiments of the present 
invention may be simpler, less expensive, and more reliable 
than many knoWn external EGR systems that require these 
additional components. 

[0008] Many conventional internal EGR systems provide 
EGR by taking exhaust gas into the combustion chamber 
through an open exhaust valve during the intake stroke. 
Without proper control, this technique may create perfor 
mance problems due to the reduced amount of oxygen in the 
cylinder. Even though a satisfactory combustion situation 
may be obtained in the light-load operating range in Which 
there is naturally an excess of air, problems may develop in 
the high-load operating ranges in Which the proportion of air 
With respect to fuel is loW (lean). These combustion condi 
tions may create sub-optimal poWer and, in addition, may 
produce black smoke With large amounts of soot. 

[0009] It is, therefore, desired to provide systems and 
methods for providing internal EGR events Without the 
poWer and emissions problems associated With many con 
ventional EGR systems. An advantage of various embodi 
ments of the present invention is that they may provide the 
necessary control to avoid these pitfalls When actuating an 
exhaust valve during the intake stroke. In addition, various 
embodiments of the present invention may provide EGR by 
actuating one or more intake valves during the exhaust 
stroke. 

[0010] An EGR system may also be used to optimiZe 
retarding poWer during engine braking operation by con 
trolling the pressure and temperature in the exhaust manifold 
and engine cylinder. During engine braking, one or more 
exhaust valves may be selectively opened to convert, at least 
temporarily, the engine into an air compressor. In doing so, 
the engine develops retarding horsepoWer to help sloW the 
vehicle doWn. This can provide the operator With increased 
control over the vehicle and substantially reduce Wear on the 
service brakes of the vehicle. By controlling the pressure and 
temperature in the engine using EGR, the level of braking 
may be optimiZed at various operating conditions. 

[0011] EGR may be provided With a compression release 
type engine brake and/or a bleeder brake. The operation of 
a compression-release type engine brake, or retarder, is Well 
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known. As a piston travels upward during its compression 
stroke, the gases that are trapped in the cylinder are com 
pressed. The compressed gases oppose the upWard motion of 
the piston. During engine braking operation, as the piston 
approaches the top dead center (TDC), at least one exhaust 
valve is opened to release the compressed gases in the 
cylinder to the exhaust manifold, preventing the energy 
stored in the compressed gases from being returned to the 
engine on the subsequent expansion doWn-stroke. In doing 
so, the engine develops retarding poWer to help sloW the 
vehicle doWn. An example of a prior art compression release 
engine brake is provided by the disclosure of the Cummins, 
US. Pat. No. 3,220,392 (November 1965), Which is incor 
porated herein by reference. 

[0012] The operation of a bleeder type engine brake has 
also long been knoWn. During engine braking, in addition to 
the normal exhaust valve lift, the exhaust valve(s) may be 
held slightly open continuously throughout the remaining 
engine cycle (full-cycle bleeder brake) or during a portion of 
the cycle (partial-cycle bleeder brake). The primary differ 
ence betWeen a partial-cycle bleeder brake and a full-cycle 
bleeder brake is that the former does not have exhaust valve 
lift during most of the intake stroke. An example of a system 
and method utiliZing a bleeder type engine brake is provided 
by the disclosure ofAssignee’s US. Pat. No. 6,594,996 (Jul. 
22, 2003), a copy of Which is incorporated herein by 
reference. 

[0013] Many knoWn EGR systems are not useful With 
existing engine brake systems. Many of these systems: (1) 
are incompatible With compression release brakes, bleeder 
brakes, or both; and/or (2) require signi?cant modi?cations 
to the existing engine in order for the EGR and braking 
systems to Work properly together. One advantage of various 
embodiments of the present invention is that they may be 
used in conjunction With compression release braking sys 
tems and/or bleeder braking systems, and require little or no 
modi?cation to the existing engine in order for the tWo 
systems to operate properly. 

[0014] An EGR system may incorporate additional fea 
tures to improve performance. Embodiments of the present 
invention may incorporate, for example, valve catch 
devices, valve lift clipping mechanisms, EGR lash, selective 
hydraulic ratios, and reset mechanisms to improve the 
reliability and performance of the system. 

[0015] Additional advantages of the invention are set 
forth, in part, in the description Which folloWs and, in part, 
Will be apparent to one of ordinary skill in the art from the 
description and/or from the practice of the invention. 

SUMMARY OF THE INVENTION 

[0016] Responsive to the foregoing challenges, Applicant 
has developed innovative systems and methods for actuating 
one or more engine valves. In one embodiment, the present 
invention is a method of providing exhaust gas recirculation 
(EGR) in a multi-cylinder engine. The method comprises the 
steps of: imparting motion to a valve actuator; actuating the 
engine valve of a ?rst engine cylinder responsive to the 
imparted motion; determining a ?rst and a second engine 
parameter level; modifying the imparted motion responsive 
to the level of the ?rst engine parameter level and the second 
engine parameter level to produce an exhaust gas recircu 
lation event. 
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[0017] Applicant has further developed an innovative sys 
tem for providing exhaust gas recirculation (EGR) in a 
multi-cylinder engine having a housing. The system com 
prises: an EGR housing disposed on the engine housing, the 
EGR housing having an hydraulic passage formed therein; 
means for actuating the engine valve of a ?rst engine 
cylinder; means for imparting motion to the valve actuation 
means; and means for modifying the motion imparted to said 
valve actuation means to produce an EGR event having an 
early valve closing time. 

[0018] It is to be understood that both the foregoing 
general description and the folloWing detailed description 
are exemplary and explanatory only, and are not restrictive 
of the invention as claimed. The accompanying draWings, 
Which are incorporated herein by reference, and Which 
constitute a part of this speci?cation, illustrate certain 
embodiments of the invention and, together With the detailed 
description, serve to explain the principles of the present 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] In order to assist the understanding of this inven 
tion, reference Will noW be made to the appended draWings, 
in Which like reference numerals refer to like elements. The 
draWings are exemplary only, and should not be construed as 
limiting the invention. 

[0020] FIG. 1 is a schematic representation of a valve 
actuation system according to a ?rst embodiment of the 
present invention. 

[0021] FIG. 2 is a schematic representation of a valve 
actuation system according to a second embodiment of the 
present invention. 

[0022] FIG. 3 is a valve lift pro?le according to an 
embodiment of the present invention illustrating actuation of 
one or more engine exhaust valves during the intake stroke. 

[0023] FIG. 4 is a valve lift pro?le according to an 
embodiment of the present invention illustrating actuation of 
one or more engine intake valves during the exhaust stroke. 

[0024] FIG. 5 is a cam that may be used in an embodiment 
of the present invention. 

[0025] FIG. 6 is an operating schematic diagram of master 
and slave piston pairing according to an embodiment of the 
present invention. 

[0026] FIG. 7 is an operating schematic diagram of master 
and slave piston pairing according to another embodiment of 
the present invention. 

[0027] FIG. 8 is an exhaust gas pulse diagram and cor 
responding valve lift pro?le according to an embodiment of 
the present invention. 

[0028] FIG. 9 is an operating schematic diagram of master 
and slave piston pairing according to an embodiment of the 
present invention for a four (4) cylinder engine. 

[0029] FIG. 10 is a valve actuation system according to a 
third embodiment of the present invention. 

[0030] FIG. 11 is a cam that may be used in conjunction 
With the valve actuation system shoWn in FIG. 10. 
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[0031] FIG. 12 is a valve actuation system according to a 
fourth embodiment of the present invention. 

[0032] FIG. 13 is a ?rst embodiment of a valve lift 
clipping mechanism that may be used in conjunction With 
the valve actuation system of the present invention. 

[0033] FIG. 14 is a valve lift pro?le With a modi?ed EGR 
valve event according to an embodiment of the present 
invention. 

[0034] FIGS. 15a and 15b illustrate a second embodiment 
of a valve lift clipping mechanism that may be used in 
conjunction With the valve actuation system of the present 
invention. 

[0035] FIGS. 16a and 16b illustrate a third embodiment of 
a valve lift clipping mechanism that may be used in con 
junction With the valve actuation system of the present 
invention. 

[0036] FIGS. 17a and 17b illustrate a slave piston reset 
mechanism that may be used in conjunction With the valve 
actuation system of the present invention. 

[0037] FIG. 18a is a schematic diagram of a prior art 
valve catch assembly. 

[0038] FIG. 18b is a schematic diagram of an improved 
means for reducing the seating velocity of an engine valve 
that may be used in conjunction With the valve actuation 
system of the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0039] Reference Will noW be made in detail to embodi 
ments of the system and method of the present invention, 
examples of Which are illustrated in the accompanying 
draWings. As embodied herein, the present invention 
includes systems and methods of controlling the actuation of 
engine valves. 

[0040] A ?rst embodiment of the present invention is 
shoWn schematically in FIG. 1 as valve actuation system 10. 
The valve actuation system 10 includes a means for impart 
ing motion 100 operatively connected to a valve actuator 
300, Which in turn is operatively connected to one or more 
engine valves 200. The motion imparting means 100 is 
adapted to apply motion to the valve actuator 300. The valve 
actuator 300 may be selectively controlled to (1) transferring 
or (2) not transfer motion to the valves 200. The valve 
actuator 300 may also be adapted to modify the amount and 
timing of the motion transferred to the engine valves 200. 

[0041] When operating in the motion transfer mode, the 
valve actuator 300 may actuate the engine valves 200 to 
produce an exhaust gas recirculation valve event. The valve 
actuator 300 may also actuate the engine valves 200 to 
produce other engine valve events, such as, but not limited 
to, main intake, main exhaust, compression release braking, 
and/or bleeder braking. The valve actuation system 10, 
including the valve actuator 300, may be sWitched betWeen 
the modes of transferring motion and not transferring motion 
in response to a signal or input from a controller 400. The 
engine valves 200 may be one or more exhaust valves, 
intake valves, or auxiliary valves. 

[0042] The motion imparting means 100 may comprise 
any combination of cam(s), push tube(s), and/or rocker 
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arm(s), or their equivalents, adapted to impart motion to the 
valve actuator 300. In at least one embodiment of the present 
invention, the motion imparting means 100 comprises a cam 
110. The cam 110 may comprise an exhaust cam, an intake 
cam, an injector cam, and/or a dedicated cam. The cam 110 
may include one or more cam lobes for producing an engine 
valve event(s). With reference to FIG. 5, the cam 110 may 
include lobes, such as, for example, a main (exhaust or 
intake) event lobe 112, an engine braking lobe 114, and an 
EGR lobe 116. The depictions of the lobes on the cam 110 
are intended to be illustrative only, and not limiting. It is 
appreciated that the number, combination, siZe, location, and 
shape of the lobes may vary markedly Without departing 
from the intended scope of the present invention. 

[0043] It is further appreciated that motion imparted by the 
cam 110 to produce an engine valve main event may be used 
to provide an EGR valve event. For example, a main event 
(e.g., intake or exhaust) lobe 112 may be used to additionally 
actuate one or more valves 200 for EGR valve event. 
Because the full motion of the main event may provide more 
valve lift than required for the EGR valve event, the motion 
may be modi?ed by incorporating, for example, system lash, 
selective hydraulic ratios betWeen components of the valve 
actuator 300, reset mechanisms, and/or valve lift clipping 
mechanisms. 

[0044] The EGR valve event may be carried out by 
different valve(s) than those used to carry out the main 
engine valve event. These “different valves” may be of the 
same or different type (intake versus exhaust) as those used 
for the main valve event, and may be associated With a 
different or the same cylinder as the valves used for the main 
valve event. 

[0045] The valve actuator 300 may comprise any structure 
that connects the motion imparting means 100 to the valves 
200 and is capable of selectively transmitting motion from 
the motion imparting means 100 to actuate the valves 200. 
The valve actuator 300 may comprise, for example, a 
mechanical linkage, a hydraulic linkage, a hydro-mechani 
cal linkage, an electromechanical linkage, an electromag 
netic linkage, an air linkage, and/or any other linkage 
adapted to selectively transmit motion. 

[0046] With reference to FIG. 10, When it incorporates a 
hydraulic circuit, the valve actuator 300 may include a 
master piston assembly 310 and a slave piston assembly 320. 
The valve actuator 300 may be operatively connected to 
means for supplying hydraulic ?uid to and from the actua 
tion means 300. The supply means may include means for 
adjusting the pressure of, or the amount of, ?uid in the 
circuit, such as, for example, trigger valve(s), control 
valve(s), accumulator(s), check valve(s), ?uid supply 
source(s), and/or other devices used to release hydraulic 
?uid from a circuit, add hydraulic ?uid to a circuit, or control 
the How of ?uid in a circuit. The valve actuator 300 may be 
adapted for ?xed timing (on/off) and/or variable timing. The 
valve actuator 300 may be located at any point in the valve 
train connecting the motion imparting means 100 and the 
valves 200. 

[0047] The controller 400 may comprise any electronic or 
mechanical device for communicating With the valve actua 
tor 300 and causing it to either transfer the motion input to 
it, or not transfer the motion, to the engine valves 200. The 
controller 400 may include a microprocessor, linked to other 
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engine component(s), to determine and select the appropri 
ate operation of the valve actuator 300. EGR may be 
achieved and optimized at a plurality of engine operating 
conditions (e.g., speeds, loads, etc.) by controlling the valve 
actuator 300 based upon information collected by the micro 
processor from the engine component(s). The information 
collected may include, Without limitation, engine speed, 
vehicle speed, oil temperature, manifold (or port) tempera 
ture, manifold (or port) pressure, cylinder temperature, cyl 
inder pressure, particulate information, and/or crank angle. 

[0048] The valve actuation system 10 may be used With 
any internal combustion engine. For example, the valve 
actuation system 10 may be used With a diesel engine, a 
gasoline engine, a dual fuel engine, and/or a natural gas 
engine. In one embodiment, as shoWn in FIG. 1, the valve 
actuation system 10 may be used With an engine that does 
not incorporate engine braking. Accordingly, the valve 
actuation system 10 may be used in conjunction With a 
stationary poWer generator, marine vehicles, agricultural 
vehicles and equipment, and/or any other system requiring 
EGR but not engine braking. 

[0049] In another embodiment of the present invention, 
the valve actuation system 10 is adapted to provide EGR 
valve events in conjunction With engine braking. The valve 
actuation system 10 may further comprise an engine braking 
system 500, as shoWn in FIG. 2. It is further contemplated 
that the valve actuator 300 may be adapted to provide engine 
braking in addition to providing EGR valve events. 

[0050] In one embodiment of the present invention, the 
valve actuator 300 actuates one or more exhaust valves to 

produce an EGR event 220 during the main intake event 
235, as shoWn in FIG. 3. Aportion of the combustion gases 
that have been exhausted through the engine exhaust port are 
draWn back into the engine cylinder through the open 
exhaust valve by the pressure differential created by the 
doWnWard movement of the piston in the engine cylinder 
during the intake stroke and a pressure pulse in the exhaust 
manifold. The recirculated gases are then combined With 
inlet air introduced into the engine cylinder during the intake 
main event. 

[0051] The precise opening and closing times of the 
engine exhaust valve(s) (duration of the EGR event 220) are 
controlled by the controller 400 and may be determined 
based on the pressure differential across the exhaust 
valve(s). The controller 400 receives input from the appro 
priate engine component and inputs a signal to the valve 
actuator 300. In response to the signal, the valve actuator 
300 may sWitch to the motion transfer mode and actuate the 
exhaust valve(s). The closing time for the valve may occur 
before the engine cylinder pressure is greater than the 
exhaust manifold pressure in order to prevent the recircu 
lated gas from immediately escaping back into the exhaust 
manifold. The valve lift pro?le shoWn in FIG. 3 is for 
illustrative purposes only. As Will be apparent to those of 
ordinary skill in the art, the siZe, shape, and timing of the 
EGR event 220 may vary depending on a variety of factors, 
including, but not limited to, the engine cylinder pressure, 
the exhaust manifold pressure, the lash betWeen the valve 
actuator 300 and the valves 200, the relative siZes (or 
hydraulic ratio) betWeen the various components of the 
valve actuator 300, and/or any other modi?cation of the 
motion provided by the motion imparting means 100. 
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[0052] In another embodiment of the present invention, 
the valve actuator 300 actuates one or more engine intake 
valves to produce an EGR event 220 during the main 
exhaust event 215, as shoWn in FIG. 4. A portion of the 
combustion gases are directed by the exhaust stroke from the 
engine cylinder (combustion chamber) through the engine 
intake port to the intake manifold. Some of those gases are 
then reintroduced into the engine cylinder With inlet air 
during the main intake event. 

[0053] The precise opening and closing times of the 
engine intake valve(s) (duration of the EGR event 220) are 
controlled by the controller 400 and are preferably deter 
mined based on the pressure differential across the intake 
valve(s). The controller 400 receives input from the appro 
priate engine component and inputs a signal to the valve 
actuator 300. In response to the signal, the valve actuator 
300 may sWitch to the motion transfer mode and actuate the 
intake valve(s). Higher cylinder pressure (opening the intake 
valve for the EGR event earlier, closer to the expansion 
stroke) Will alloW more exhaust gas to be trapped in the 
intake port and/or manifold for recirculation, but may result 
in reduced expansion poWer (lost Work). The closing time 
for the valve may occur before the engine cylinder pressure 
drops beloW the intake manifold pressure, to prevent the 
recirculated gas from immediately escaping back into the 
engine cylinder. The precise opening and closing times of 
the engine intake valve may vary depending on system 
requirements. The valve lift pro?le shoWn in FIG. 4 is for 
illustrative purposes only. As Will be apparent to those of 
ordinary skill in the art, the siZe, shape, and timing of the 
EGR event 220 may vary depending on a variety of factors, 
including, but not limited to, engine cylinder pressure, 
intake manifold pressure, the lash betWeen the valve actuator 
300 and the valves 200, the relative siZes (or hydraulic ratio) 
betWeen the various components of the valve actuator 300, 
and/or any other modi?cation of the motion provided by the 
motion imparting means 100. 

[0054] FIGS. 6 and 7 depict examples of the relationships 
betWeen the components of the valve actuator 300 to provide 
an exhaust gas recirculation valve event. In one embodiment 
of the present invention, as shoWn in FIG. 6, the master 
piston assembly 310 and the slave piston assembly 320 may 
act on engine valves associated With the same cylinder. For 
example, the master piston assembly 310 may receive 
motion from the intake cam for cylinder one This motion 
Would then be transferred to the slave piston assembly 320 
for actuating an engine valve in cylinder one Alterna 
tively, the master piston assembly 310 and the slave piston 
assembly 320 may act relative to different cylinders, as 
shoWn in FIG. 7. For example, the master piston assembly 
310 may receive motion from the intake cam for cylinder 
one This motion Would then be transferred to the slave 
piston assembly 320 for actuating an engine valve in cyl 
inder three It is contemplated that various embodiments 
of the present invention may provide any cross-cylinder 
actuation arrangement adapted to provide the appropriate 
timing of the EGR event. 

[0055] Embodiments of the present invention may be 
adapted to utiliZe exhaust gas pulses produced in the exhaust 
manifold by one engine cylinder to facilitate the introduction 
of the recirculated gas into another engine cylinder at a 
desired time. For example, the gas pulses may be used to 
introduce the recirculated gas into an engine cylinder during 
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the main intake event. These gas pulses may be utilized in 
engines having split, and non-split, exhaust manifolds. 
Tables 1 and 2 below illustrate example operating scenarios 
for utiliZing the exhaust gas pulses for split manifold and 
non-split manifold engines, respectively. 

TABLE 1 

EGR — Split Manifold 

Cylinder Having EGR Cylinder Providing 
Event Exhaust Gas Pulse 

[0056] 

TABLE 2 

EGR — Non-Split Manifold 

Cylinder Having EGR Cylinder Providing 
Event Exhaust Gas Pulse 

[0057] FIG. 8 is a sample exhaust gas pulse diagram 
illustrating the pressure in the exhaust port of cylinder no. 1 
for a six (6) cylinder engine With a split manifold, and a 
corresponding valve lift pro?le for the engine valves of 
cylinder no. 1. If an EGR event 220 is desired during the 
main intake event 235, the recirculated gas may be intro 
duced into the engine cylinder during the crank angle range 
of approximately 360 degrees to approximately 500 degrees. 
As shoWn in FIG. 8, cylinder no. 3 and cylinder no. 6 
provide pulses during this range. The pulse from cylinder no. 
6 originates in the other bank of the split manifold, and, 
accordingly, does not provide the necessary pressure to drive 
the EGR event. The pulse from cylinder no. 3, hoWever, 
provides a higher pressure than the cylinder pressure in 
cylinder no. 1 at that time, and, thus, facilitates the intro 
duction of the recirculated gas into the cylinder. The exhaust 
ports in other cylinders may experience similar exhaust gas 
pulse diagrams, and may utiliZe the appropriate gas pulse, as 
shoWn in Table 1 above. 

[0058] The motion imparted to the valve actuator 300 to 
produce the EGR event 220 may be modi?ed such that the 
closing time for the engine valve may occur before the 
engine cylinder pressure is greater than the exhaust manifold 
pressure in order to prevent the recirculated gas from imme 
diately escaping back into the exhaust manifold. This is 
illustrated by the modi?ed EGR event 221. The valve lift 
pro?le shoWn in FIG. 8 is for illustrative purposes only. As 
Will be apparent to those of ordinary skill in the art, the siZe, 
shape, and timing of the EGR event 221 may vary depending 
on the means used for modifying the motion imparted to the 
valve actuator 300, including, but not limited to, the lash 
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betWeen the valve actuator 300 and the valves 200, the 
relative siZes (or hydraulic ratio) betWeen the various com 
ponents of the valve actuator 300, the valve lift clipping 
mechanism, the reset mechanism, and/or any other modi? 
cation of the motion provided by the motion imparting 
means 100. 

[0059] For engines having non-split manifolds, the pulse 
from the other bank of the exhaust manifold may also have 
a suf?cient pressure to drive the EGR event. As such, the 
pulse from cylinder #3 and/or cylinder #6 may be used to 
drive the EGR event. The exhaust ports in other cylinders in 
the non-split manifold may experience similar exhaust gas 
pulse diagrams, and may utiliZe the appropriate gas pulse(s), 
as shoWn in Table 2 above. 

[0060] For purpose of illustration, various embodiments of 
the present invention Will be described for use in a six (6) 
cylinder engine. It is contemplated, hoWever, that various 
embodiments of the present invention may be used With 
engines having any cylinder arrangements or numbers. For 
example, embodiments of the present invention may be 
adapted for use With a four (4) cylinder engine. As discussed 
above in relation to a six (6) cylinder engine, embodiments 
of the present invention for use With a four cylinder engine 
may employ cross-cylinder actuation arrangements. For 
example, in an embodiment shoWn in FIG. 9, a four cylinder 
engine having a 1-3-4-2 ?ring order may have a 1-4, 2-3, 
3-2, 4-1 cross-cylinder actuation arrangement. 

[0061] A third embodiment of the valve actuation system 
10 of the present invention Will noW be described With 
reference to FIG. 10. With reference thereto, valve actuator 
300 comprises a bolt-on internal EGR system. The valve 
actuator 300 receives motion from the motion imparting 
means 100. The motion imparting means 100 may include 
an intake cam 110 having one or more cam lobes for 

producing an engine valve event. In one embodiment, as 
shoWn in FIG. 11, the intake cam includes a main intake 
event lobe 112. As discussed above, the motion imparting 
means 100 may comprise any combination of cam(s), push 
tube(s), and/or rocker arm(s), or their equivalents, necessary 
to impart motion to the valve actuator 300. 

[0062] With continued reference to FIG. 10, the valve 
actuator 300 may comprise a master piston assembly 310 
slidably disposed in a ?rst bore 311 formed in a housing 302 
such that it may slide back and forth in the bore While 
maintaining a hydraulic seal With the housing 302. The valve 
actuator 300 may further include a slave piston assembly 
320 disposed in a second bore 321 formed in the housing 
302 such that it may slide back and forth in the bore While 
maintaining a hydraulic seal With the housing 302. The slave 
piston assembly 320 is in ?uid communication With the 
master piston assembly 310 through a hydraulic passage 304 
formed in the housing 302. The slave piston assembly 320 
is disposed above a sliding pin 330. In one embodiment, as 
shoWn in FIG. 10 an EGR lash, Z, exists betWeen the slave 
piston assembly 320 and the sliding pin 330. Alternatively, 
the slave piston assembly 320 may be in contact With the 
sliding pin 330. 

[0063] The valve actuator 300 is operatively connected to 
means 315 for supplying hydraulic ?uid to the valve actuator 
300. The supply means 315 is adapted to control the supply 
of hydraulic ?uid to and from the hydraulic passage 304, 
and, correspondingly, may sWitch the valve actuator 300 
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between modes of transferring, and not transferring, the 
motion input from the cam 110 based on a signal received 
from the controller 400. In one embodiment, the supply 
means 315 comprises a ?uid supply source, and one or more 
control valves (not shoWn). The one or more control valves 
may be selectively sWitched betWeen modes of communi 
cating, and not communicating, hydraulic ?uid from the 
source to the hydraulic passage 304. As discussed above, it 
is contemplated that the supply means 315 may include any 
combination of devices necessary for supplying hydraulic 
?uid to and from the valve actuator 300. 

[0064] The motion from the cam 110 is transferred to the 
master piston assembly 310, Which, in turn, transfers the 
motion through hydraulic pressure in the passage 304 to the 
slave piston assembly 320. The hydraulic pressure causes 
the slave piston assembly 320 to translate in a doWnWard 
direction and act on the sliding pin 330. This, in turn, causes 
the sliding pin 330 to act on a single valve 200, or on 
multiple valves 200 through a valve bridge 250 (as shoWn in 
FIG. 10) to produce an EGR event. 

[0065] With continued reference to FIG. 10, the valve 
actuation system 10 may further comprise an engine braking 
system 500. The engine braking system 500 may be inte 
grated into an exhaust rocker 510. The exhaust rocker 510 
may include a central opening 505 for receipt of a rocker 
shaft, and a hydraulic braking passage 515 formed therein. 
The rocker arm 510 is adapted to pivot back and forth about 
the central opening 505. The exhaust rocker 510 may further 
include a bore 530 for receipt of the sliding pin 330. The 
braking system 500 may further include a braking piston 
assembly 520 disposed in a bore formed in the exhaust 
rocker 510. The braking piston assembly 520 is in commu 
nication With the braking passage 515. As Will be apparent 
to those of ordinary skill in the art, the engine braking 
system 500 may be adapted to provide compression release 
braking or bleeder braking based on the motion input by a 
motion imparting force, such as, for example, an exhaust 
cam (not shoWn). 

[0066] In one embodiment, the sliding pin 330 may further 
comprise a rocker contact surface 334, and a foot 336 for 
contacting the valve bridge 250. As shoWn in FIG. 10, a 
braking lash, L, may be formed betWeen the exhaust rocker 
510 and the rocker contact surface 334. 

[0067] During engine braking, an engine braking lobe on 
the exhaust cam may cause hydraulic pressure to act on the 
braking piston assembly 520. This, in turn, may cause the 
braking piston assembly 520 to act on an exhaust valve 200 
through a braking pin 540, producing an engine braking 
valve event. As the exhaust cam continues to rotate, the 
motion imparted by a main exhaust event lobe causes the 
exhaust rocker 510 to rotate about the central opening 505 
such that the braking lash, L, is taken up. This causes the 
exhaust rocker 510 to contact the rocker contacting surface 
334, and actuate one or more engine valves 200 to produce 
a main exhaust event. Similarly, during positive poWer 
operation, the exhaust cam causes the exhaust rocker 510 to 
rotate about the central opening 505, contact the rocker 
contacting surface 334, and actuate one or more engine 
valves 200 to produce a main exhaust event. Accordingly, 
the valve actuator 300 may operate independent of the 
braking system 500. In addition, the EGR lash, Z, may be 
independent of the braking lash, L. 
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[0068] The slave piston assembly 320 may include a slave 
piston spring 324 disposed in the housing 302 at the base of 
the slave piston assembly 320. The spring 324 biases the 
slave piston assembly 320 upWard in the bore 321, aWay 
from the engine valves 200. When the exhaust rocker 510 
contacts the sliding pin 330 and actuates the engine valves 
200, the slave piston assembly 320 is separated from the 
sliding pin 330. The spring 324 holds the slave piston 
assembly 320 up against any loW hydraulic pressure in the 
passage 304 originating from the supply means 315 that may 
be acting on the piston. This prevents the slave piston 
assembly 320 from “jacking,” a condition Which can cause 
damage to the system. 

[0069] In another embodiment of the present invention, as 
shoWn in FIG. 12, the valve actuator 300 may actuate one 
or more intake valves 200 to produce an EGR event during 
a main exhaust event. In this embodiment, the motion 
imparting means 100 may include an exhaust cam 110 
having a main exhaust lobe 112. The slave piston assembly 
320 may be adapted to act directly on single engine valve 
200, or on multiple engine valves 200 through the valve 
bridge 250, as shoWn. Alternatively, the slave piston assem 
bly 320 may be adapted to act on an intake rocker (not 
shoWn), causing the rocker, in turn, to actuate the valve(s) 
200. 

[0070] The valve actuator 300 may further comprise 
means for modifying the motion input by the motion impart 
ing means 100 in order to provide the required EGR valve 
event closing time. In one embodiment, as shoWn in FIG. 
13, the valve actuator 300 further comprises a clip passage 
314 formed Within the master piston assembly 310, and a 
check valve 312 disposed Within the master piston assembly 
310. The clip passage 314 is in communication With the 
master piston bore 311 and the passage 304. An accumulator 
piston 350 is disposed Within a bore formed in the housing 
302. When the cam 110 is at base circle, as shoWn in FIG. 
13, the master piston assembly 310 is at its loWest position. 
In this position, the check valve 312 is aligned With a release 
passage 306 formed Within the housing 302. The opening of 
the clip passage 314 and the opening of the release passage 
306 are separated by a variable distance XI, as shoWn in 
FIG. 13. 

[0071] The valve actuator 300 operates as described 
above. As the cam 110 rotates from base circle, it transfers 
motion to the master piston assembly 310, Which in turn 
transfers the motion through hydraulic pressure in the pas 
sage 304 to the slave piston assembly 320. The hydraulic 
pressure causes the slave piston assembly 320 to translate in 
a doWnWard direction, and act on the sliding pin 330 (if 
provided), Which, in turn, actuates the engine valves 200. 

[0072] When the master piston assembly 310 travels a 
distance XI Within the bore 311, the clip passage 314 is 
exposed to the release passage 306. Aportion of the hydrau 
lic ?uid in the passage 304 is noW released through the 
release passage 306 and into an accumulator piston 350. 
This reduces the pressure in the passage 304 and causes the 
slave piston assembly 320 to retract, under the bias of the 
spring 324 and the valve springs. With the slave piston 
assembly 320 no longer acting on the engine valves 200, the 
valves close earlier. This results in a shortened, or “clipped,” 
EGR valve event 221, as shoWn by the dashed lines in FIG. 
14. The valve lift pro?le shoWn in FIG. 14 is exemplary 










