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(57) ABSTRACT 

A motor vehicle kinetic energy recovery system uses one or 
more cylinders of an internal combustion engine as the ?rst 
or primary stage in a multi-stage high pressure air compres 
sion system, a compressed air storage system, compressed 
air operated drive train boosters and vehicle management 
electronics to provide cooperation betWeen the air compres 
sion, storage and booster systems. The multi-stage, high 
pressure air compressor system is operable through engine 
compression braking alloWing kinetic energy of a vehicle to 
be recaptured during retardation of vehicle speed. 
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ENGINE BASED KINETIC ENERGY RECOVERY 
SYSTEM FOR VEHICLES 

TECHNICAL FIELD 

[0001] The invention relates to vehicles With internal 
combustion engines and more particularly, to a kinetic 
energy recovery system for such vehicles. 

DESCRIPTION OF THE PROBLEM 

[0002] Most motor vehicles equipped With internal com 
bustion engines dissipate kinetic energy during stopping 
through use of friction brakes and engine compression 
braking, rather than capturing and storing the energy for 
reuse. It is Widely recognized that this arrangement is highly 
Wasteful of energy and that recapture of the energy for use 
in moving the vehicle from standing starts is desirable. 
HoWever, prior attempts to provide for recapture of the 
energy for reuse, as represented by hybrid gasoline/electric 
vehicles, have been difficult to justify economically at loW 
energy prices. These vehicles use both an internal combus 
tion engine and electric motors to move the vehicle. During 
braking the motors operate as generators to retard the 
vehicle and convert the vehicle’s kinetic energy to electricity 
Which is stored in batteries. This poWer can then be used to 
poWer the motors and move the vehicle. Such vehicles are 
highly efficient. HoWever, they are also very complex and as 
a result cost substantially more to design and build than 
conventional vehicles. They also have high maintenance 
costs associated With periodically replacing the battery 
plant. 

[0003] An effective energy recovery system for a vehicle 
using an internal combustion engine must provide for the 
efficient storage of the recaptured energy. Alternatives to 
battery storage include ?y Wheels and compressed air. 
Implementation of systems based on these alternative modes 
of energy storage have been hobbled by the limitations of the 
recapture and utiliZation mechanisms. 

[0004] Considering compressed air systems in particular, 
designers have typically looked to clutching the Wheels to 
air pumps to provide vehicle speed retardation and a source 
of high pressure air. This has been done notWithstanding the 
fact that the engine itself is a pump, is connected to some of 
the Wheels by the vehicle’s drive line and can be used for 
engine compression braking. Unfortunately, even diesel 
engines, When operated as pumps, operate at too loW of a 
pressure to provide an efficient and compact kinetic energy 
capture and utiliZation system. 

[0005] Engine compression braking is implemented by 
operating an internal combustion engine as an air compres 
sor and then dissipating the energy stored compressing the 
air through the vehicle’s exhaust. In order to run a diesel as 
a compressor, fuel flow is cut off to one or more the engine’s 
cylinders. The vehicle’s momentum is coupled back to the 
engine crankshaft by the vehicle drive train causing the 
pistons in the non-?ring cylinders to continue to cycle. The 
cylinders’ intake valves operate to alloW air to be draWn for 
compression strokes, but the cylinders’ exhaust valves are 
opened at or just before top dead center (TDC) of the 
pistons’ compression cycles to exhaust the air, releasing the 
energy potential of the compressed gas air. The energy is 
dissipated in friction upon release to the open atmosphere. 
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Internal combustion engines can dissipate vehicle kinetic 
energy at a rate close to the engine’s rated poWer. 

[0006] Internal combustion engines operate as relatively 
loW compression pumps. A diesel may generate approxi 
mately a 25 to 1 compression ration, meaning that air draWn 
into the cylinder at close to ambient pressure is compressed 
to no greater than about 375 psi. In practice only about 300 
psi is achieved due to a partial vacuum in the intake 
manifold and frictional losses. Absent some modi?cation of 
a cylinder to operate as a higher compression pump, Which 
complicates the engine and may compromise its perfor 
mance, the compressed air must be recovered from the 
exhaust manifold, Which entails storage at a still loWer 
pressure. 

[0007] Assuming that air of sufficient pressure can be 
made available to propel the vehicle on taking of from a 
standing start, a question has also remained of hoW, and 
When, to make use of the compressed air. Also of interest is 
When and hoW to run the engine for air compression to 
optimiZe vehicle operation and reduce pollution. What is 
needed is a Way of boosting pump operation of an internal 
combustion engine on a vehicle to sufficiently high pressures 
to be used for moving the vehicle, all While minimiZing 
changes to the vehicles drive train and engine to produce a 
system both economical and reliable. 

SUMMARY OF THE INVENTION 

[0008] One object of the invention is to improve the 
efficiency of motor vehicles equipped With internal combus 
tion engines. 

[0009] Another object of the invention is to provide recov 
ery of kinetic energy of a vehicle during driver or speed 
control system initiated vehicle speed retardation. 

[0010] Still another object of the invention is efficiently to 
utiliZe compressed air to provide supplemental torque for an 
internal combustion engine. 

[0011] Yet another object of the invention is to combine 
vehicle operational data to identify ef?cient opportunities for 
capture of kinetic energy for storage and reuse for vehicle 
speed boosting. 
[0012] The invention provides for these and other objects 
by providing a vehicle With a multi-cylinder diesel engine 
Which can be operated in a split mode With one or more 
cylinders diverted to operation as air compressor stages or 
adapted for use for engine compression braking. Valves are 
incorporated into the exhaust pipes for selected cylinders 
Which may be closed to prevent or delay exhaust venting 
from the exhaust pipes. Fluid ampli?ers communicate With 
these exhaust pipes to operate as second stage high com 
pression pumps. Compressed air from the second stage 
compressors is delivered to a high pressure storage tank for 
later use to meet high transient torque demand. In the 
preferred embodiment, high pressure air is used to drive a 
hydraulic motor coupled to an automatic or semi-automatic 
transmission and thereby displace torque demands on the 
engine, especially at takeoff from a standing start. Alterna 
tively, the air may be delivered to an exhaust turbine in a 
turbo-compounding arrangement to provide additional 
torque to the engine output shaft. Air may also be forced into 
the intake manifold of the engines for take offs from a 
standing start by released compressed air to the drive turbine 
of a turbo-supercharger. 
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[0013] Additional effects, features and advantages Will be 
apparent in the Written description that follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The novel features believed characteristic of the 
invention are set forth in the appended claims. The invention 
itself hoWever, as Well as a preferred mode of use, further 
objects and advantages thereof, Will best be understood by 
reference to the folloWing detailed description of an illus 
trative embodiment When read in conjunction With the 
accompanying drawings, Wherein: 

[0015] FIG. 1 is a perspective vieW of a truck tractor With 
Which the invention is advantageously employed. 

[0016] FIG. 2 is a schematic diagram shoWing an exhaust 
gas retention and tWo stage compression system. 

[0017] FIGS. 3A-D are schematics illustrating operation 
of a tWo stage high pressure air compression system using an 
engine cylinder as a ?rst, loW pressure stage of the pump. 

[0018] FIG. 4 is a schematic of an kinetic energy recovery 
and recycling system using a hydrostatic motor to provide 
supplemental torque to a transmission. 

[0019] FIG. 5 is a schematic of a kinetic energy recovery 
and recycling system for a turbo-compounded engine. 

[0020] FIG. 6 is a schematic of a kinetic energy recovery 
and recycling system for a turbo-supercharged engine. 

[0021] FIG. 7 is a simpli?ed ?oW chart illustrating opera 
tion of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] FIG. 1 illustrates in a perspective vieW a truck 
tractor 10 comprising a cab 11 mounted on a chassis 12. A 
plurality of Wheels 13 depend from the chassis. Tractor 10 
includes conventional major systems for a vehicle, including 
a drive train having a diesel engine and a transmission. 
Tractor 10 also includes air poWered drive train boosters as 
described beloW. The invention is preferably applied to 
medium and large trucks Which have compressed air sys 
tems for brake operation or for starting. These vehicles are 
typically equipped With a multi-cylinder diesel, Which is 
often adapted for engine compression braking, and com 
pressed air tanks. It Will be understood that While the 
invention is preferably applied to diesels, it Would also 
Work, With modi?cation, on internal combustion engines 
using spark initiated combustion. It may also be advanta 
geously applied to delivery trucks and other vehicles used 
heavily for stop and go driving. 

[0023] Referring noW to FIG. 2 an engine air compression 
and diversion system 18 is illustrated. Compression system 
18 uses one or more of the cylinders 32 of a bank 24 of 
cylinders of a multi-cylinder diesel engine as ?rst stage 
pumps. In normal operation a piston 102 moves in a con 
ventional, reciprocating fashion Within a cylinder 32 With 
the result that space 104 betWeen the piston and valves 106 
and 110 varies in volume. A diesel is conventionally oper 
ated as a four cycle engine. Initially intake valve 106 and 
exhaust valve 110 may be assumed closed. The ?rst cycle is 
initiated With piston 102 at the top of its travel in cylinder 32 
(referred to conventionally as top dead center (“TDC”). 
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Intake valve 106 is opened and air is draWn into cylinder 32 
With the folloWing doWnstroke of piston 102 through the 
opened intake valve 106 from an intake manifold 108. Intake 
valve 106 is closed When piston 102 reaches the bottom of 
its travel in the piston and the air is compressed by the 
subsequent upWard movement of piston 102. This compres 
sion stroke of piston 102 develops an approximately 25 to 1 
compression ratio of air in the cylinder, raising the tempera 
ture of the air above the ignition point of the fuel. Com 
pression ignition of the fuel results upon fuel being injected 
into cylinder 32 as the piston approaches TDC. The burning 
air fuel mixture substantially raises pressure in cylinder 32 
substantially increasing the doWnWard force on piston 102. 
This produces a doWnWard poWer stroke of piston 104. An 
upWard exhaust stroke of piston 102 folloWs for Which 
exhaust valve 110 is opened. During the exhaust stroke the 
combustion byproduct is exhausted through exhaust valve 
110 into a cylinder exhaust chamber 112. Exhaust chamber 
112 can pass air or combustion byproducts from cylinder 32 
to an exhaust manifold 17, Which collects exhaust gas from 
bank 24 of cylinders, or retain the air for use of the ?uidic 
ampli?er 83. Exhaust valve 110 closes as piston 102 ?nishes 
the exhaust stroke. The four cycles repeat as long as the 
cylinder is ?ring. 

[0024] Contemporary practice provides for computer 
based control of many vehicle and engine functions, usually 
organiZed by systems. An engine controller 20 is represen 
tative of such a computer used to monitor and control the 
operation of diesel 16. Engine controller 20 times fuel 
injection to each cylinder 32 by control of a fuel injection 
controller 48. A camshaft rotates in synchronous With a 
crank shaft, Which in turn is coupled to the pistons in 
cylinders 32. Thus camshaft position is related to the phase 
of each piston relative to TDC. Fuel injection is timed in 
relation to the cam phase position, provided by a cam phase 
(engine position) sensor 42. Fuel injection is handled by an 
injector controller 48. The timing of closing and opening of 
the intake valve 106 and an exhaust valve 110 are effected 
by engine controller 20 through valve actuators 124 and 126, 
respectively. Engine controller 20 is also used to operate a 
starter 50, Which may be an air starter using compressed air 
from a compressed air tank 70. Where an air starter, or some 
other device using compressed air at the request of engine 
control module 20 is used, the engine control module is 
connected to control a solenoid 87 for positioning a valve 
85. Air valve 85 connects compressed air tank 70 to the 
device, here an air starter 50, or as described hereinafter, a 
torque output booster. The pistons of an engine are con 
nected to a rotatable crankshaft (not shoWn) Which is in turn 
connected to an output shaft and transmission Which con 
tinue to move the pistons absent fuel How to the cylinders, 
as long as the vehicle retains momentum. 

[0025] The intake and exhaust valves 106, 110 may be 
hydraulically actuated using pressuriZed engine oil, With the 
camshaft used to operate hydraulic valves controlling intake 
and exhaust valve operation. Hydraulic valve control may 
then be overridden by engine controller 20 through valve 
controllers 124 and 126. For future camless engines, crank 
shaft phase position may be substituted for cam phase 
position to the same effect in coordinating the injection of 
fuel With piston phase and valve timing. In a camless engine, 
hydraulic valve control uses pressuriZed engine oil and 
remains under the control of valve controllers 124 and 126. 
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The position of an exhaust collection shutter valve 34 is 
coordinated by engine controller 20 using a solenoid 35 as 
described beloW. 

[0026] Engine operation as an air pump requires coordi 
nation of the operation of fuel injectors, intake valves, 
exhaust valves and the exhaust diversion valves. Engine 
cylinders are operated as pumps in split mode operation, or 
during engine compression braking. Pump operation entails 
fuel ?oW cut off to one or more cylinders 32. Cylinder 32 
operates as an air pump When at least some of the remaining 
cylinders of the engine continue to ?re to keep the engine 
turning over, or When vehicle momentum is coupled to the 
engine crankshaft from the transmission. After fuel is cut off 
to a pumping cylinder, the cam actuated lifters can continue 
to operate intake and exhaust valves 106 and 110, hoWever, 
for more ef?cient engine compression braking, the intake 
valve is open during every doWn stroke and the exhaust 
valve is brie?y opened as the piston 102 approaches TDC 
With every up stroke. 

[0027] Under conditions Where some engine poWer is 
required, but air pressure status indicates a need for air, valve 
operation may be altered, and still alloW operation of the 
high pressure air compression system 18. It is not usually 
necessary under these conditions to draW air to a pumping 
cylinder 32 and it is preferable not to draW air aWay from the 
?ring cylinders, or to impose as large a load on the engine 
as Would occur if the non-?ring cylinder of the engine Were 
operating, in effect, as a compression brake. For a preferred 
embodiment of a ?uidic ampli?er 83, the intake valve 106 
may be left closed and the exhaust valve 110 left open after 
an initial air charge is draWn into cylinder 32 and the ?uidic 
ampli?er 83 Will continue to supply high pressure air, at least 
as long as the charge does not leak aWay. To compensate for 
such leakage the charge in the pumping cylinder 32 may be 
occasionally refreshed by opening intake valve 106 during a 
cycle. 

[0028] Cylinder 32 operates as the ?rst, or loW pressure 
stage, of a tWo stage pump. Compressed air from cylinder 32 
is used to drive a second or high pressure stage pump. In 
order to avoid modi?cation of the cylinder 32, some modi 
?cation of the exhaust manifold 17, or to the exhaust 
chamber 112 from an individual cylinder, is required to 
divert the air to drive the high pressure pumps. Shutter valve 
34 is located in the Wall of exhaust chamber 112 and 
connects the chamber With exhaust manifold 17. A ?uidic 
ampli?er 83, Which provides the high pressure stage, com 
municates With the exhaust chamber 112. Modi?cation of 
the exhaust system for one cylinder 32 to accommodate one 
shutter valve 34 and ?uidic ampli?er 83 is illustrated, but it 
Will be understood that an exhaust system can be modi?ed 
alloWing more than one of cylinders 32 to operate as ?rst 
stage air pumps. It Will also be understood that cylinders 
may have more than one intake or exhaust valve and that 
illustration of and reference to the cylinders as having a 
single valve for exhaust and a single valve for intake has 
been done for the sake of simplicity in illustration only. 

[0029] Retention of air pumped from cylinder 32 is con 
trolled by opening and closing shutter valve 34. A control 
solenoid 40, under the control of engine controller 20, 
positions valve 34. When valve 34 is closed, and fuel cut off 
from cylinder 32, air is pumped from cylinder 32 during an 
up stroke into ?uidic or pneumatic ampli?er 83. Pneumatic 
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ampli?er draWs air from the environment through an intake 
183, compresses the air and exhausts the compressed air 
through a check valve 120 into a high pressure air tank 70. 
Fluid ampli?er 83 should have a pressure gain of about 20 
to 1 and thus be able to deliver air to compressed air tank at 
pressures in excess of 2000 psi or tWenty times the expected 
pressure of air from cylinder 32. Shutter valve 34 also 
operates to release air from the input side of pneumatic 
ampli?er 83 upon opening, Which can occur after a brief 
delay or during engine compression braking or only after 
pumping is discontinued, as may be preferred for split mode 
operation. Fluid ampli?er 83 could in theory be run from 
combustion by product exhaust gas from cylinder 32 at 
substantially higher pressures, hoWever, such an arrange 
ment Would substantially increase back pressure from the 
exhaust system and thereby reduce the efficiency of the 
engine. The 2000 psi pressure level is chosen as the con 
temporary practical economic limit for a motor vehicle 
compressed air storage system. A higher pressure could be 
used given progress in seals and tank strength at affordable 
prices for a mass produced vehicle. 

[0030] Air compression occurs in response to a need for 
compressed air and availability of engine poWer to provide 
energy for pumping. A need for air is indicated by a 
doWnWard variance from the maximum pressure limit for air 
tank 70. To provide air tank 70 pressure readings, a pressure 
sensor 91 is provided in ?uid communication With air tank 
70. Pressure sensor 91 reports air pressure in tank 70 to a 
computer, preferably body controller 30, or to engine control 
module 20, depending upon the particular control arrange 
ments provided on a given vehicle. When air pressure in air 
tank 70 is beloW the maximum alloWed a request for 
operating air compression system 18 is issued by body 
controller 30. The degree to Which the air pressure falls 
beloW the maximum alloWed may also be used as an 
indication of the priority of the request. In order to avoid 
frequent cycling of the system on and off, air pressure in tank 
70 may be required to fall a certain minimum amount beloW 
the maximum limit before air compression system 18 is 
engaged. A number of control regimens may be imple 
mented and Which regimen is used at a given time may 
depend upon the pressure level short fall. Described here are 
the mechanisms useful in implementing the regimens. The 
regimens are executed by body controller 30. This computer 
may also be referred to in the art as a chassis controller or 
system controller. The functions are implemented on Inter 
national Truck & Engine vehicles by an electrical system 
controller. 

[0031] Finding the preferred periods for operation of the 
air compression system 18 also requires determining engine 
load or some other related factor indicative of spare engine 
capacity. If engine load is loW, or better still negative, air 
compression system 18 can be run at little penalty, and more 
usually alloWs energy to be recaptured. Periods of engine 
compression braking are an ideal opportunity for air com 
pression system 18 operation. Body controller 30 estimates 
engine load from engine speed, derived from the output of 
the engine (or cam phase) position sensor 42 and the fuel 
?oW output Which are passed to it from engine control 
module 20. Body controller 30 also receives inputs, either 
directly or from other system controllers, Which indicate the 
status or condition of an accelerator pedal/torque request 
input 54, a starter button 56, an ignition sWitch 58, a brake 
pedal position sWitch 58 and a vehicle speed indication 
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source 59, all of Which may be used to determine other 
opportunities to initiate air pumping or the need to use air. 
Under cruising conditions Where air tank 70 is fully pres 
suriZed, and no demands for air poWer occur, body controller 
30 may determine leakage rates for air tank 70 from periodic 
sampling of readings from pressure sensor 91. 

[0032] Apreferred embodiment of the invention Will noW 
be described With reference particularly to FIGS. 3A-D 
Where a schematic of the pneumatic ampli?er 83 and shutter 
valve 34 are illustrated. Pneumatic ampli?er 83 comprises 
an exhaust chamber 112 Which functions as a pneumatic 
ampli?er input chamber. Exhaust chamber 112 is exposed to 
a Working surface 308 of a shuttle piston 304. Shuttle piston 
304 is positioned betWeen chamber 112 and pumping cham 
ber 320. Shuttle piston 304 is mounted to reciprocate in the 
directions indicated by the double headed arroW “C” alloW 
ing air in a pumping chamber 320 to be compressed. A 
Working surface 310 of piston 312 is exposed to pumping 
chamber 320. Working surface 308 has approximately 20 
times the exposed surface area of Working surface 310 
meaning that the pressure in pumping chamber 320 balances 
the pressure in chamber 302 When it is about 20 times as 
great, less the rebound force generated by a compression 
spring 312. Spring 312 is disposed to urge shuttle piston 304 
in the direction “D” up to a limit of the shuttle piston’s 
travel. An intake 183 is provided to the pumping chamber 
320, Which admits air to the chamber through a one Way 
check valve 314. The air draWn into the chamber is prefer 
ably dried ambient air. The spring constant of compression 
spring 312 is selected to substantially prevent movement of 
shuttle piston 304 during the relatively loW transient pres 
sures occurring during the exhaust of combustion gases. 

[0033] Shutter valve 34 is located in the Wall of exhaust 
chamber 112 and is positioned to control pressuriZation of 
the chamber and operation of ?uidic ampli?er 83. Exhaust 
chamber 112 should be made as small as practical to 
minimiZe the pressure drop occurring in gas exhausted from 
cylinder 32 When shutter valve 34 is closed. As illustrated in 
FIG. 3A, valve 34 is in its opened position, alloWing 
combustion by-products to escape from cylinder 32. With 
valves 32 and 34 open, reciprocating piston 102 can force 
exhaust gas from cylinder 32 through the opened exhaust 
valve 110 as indicated by arroW “A” into cylinder exhaust 
chamber 112 and out of exhaust chamber 112 through valve 
34 as indicated by the arroW “B” to an exhaust manifold 17. 

[0034] In FIG. 3B pumping of compressed air into com 
pressed air tank 70 is illustrated. FolloWing cessation of fuel 
injection to cylinder 32 and having draWn a charge of air into 
cylinder 32, concurrent With compression stroke of piston 
102, exhaust valve 110 opens to alloW air to be forced from 
cylinder 32 indicated by arroW “A”. Shutter valve 34 closes 
access to exhaust manifold 17 preventing the How of air into 
the exhaust manifold. As pressure in exhaust chamber 112 
increases, the resistance of spring 312 is overcome and 
shuttle piston 304 is forced in the direction indicated by the 
arroW “E”, compressing the air in pumping chamber 320 
until check valve 120 admits (in the direction indicated by 
arroW “G”) the air to compressed air tank 70. Again the gain 
provided by the difference in exposed surface areas of the 
tWo ends of the pistons results in a gain of about 20 to 1 in 
pressuriZation. The relative areas may be varied to obtain 
almost any desired gain though. The relative volumes of the 
exhaust chamber 302 and the pumping chamber 320 and the 

Aug. 4, 2005 

travel of shuttle piston 304 are chosen so that shuttle piston 
304 does not bottom against spring 312 before pressure in 
the chamber 320 increases sufficiently to balance the pres 
sure in input chamber 302. 

[0035] In FIG. 3C a pumping stroke of shuttle piston 304 
has completed. Fluid ampli?er 83 may be operated Without 
draWing fresh air With each cycle into cylinder 32. Once a 
charge of air is draWn into cylinder 32, valves 106 and 34 are 
kept closed, and valve 110 left open. For subsequent pump 
ing steps, as piston 104 moves doWnWardly, air is draWn 
from chamber 112 through exhaust valve 110 back into 
cylinder 32, pulling shuttle piston 304 back into chamber 
302, and thereby draWing air in pumping chamber 320 by a 
noW open check valve 314 as indicated by the arroW “I”. 
Piston 102 reciprocates in cylinder 32 resulting in the same 
charge of air being forced in and out of exhaust chamber 
112. Using this operational sequence it may be possible to 
eliminate compression spring 312, simplifying pneumatic 
ampli?er 83. The effectiveness of such an arrangement Will 
depend upon the quality of the seal formed by valve 34 and 
some leakage from exhaust chamber 112 is to be expected. 
Pumping in this manner may require pressure monitoring in 
chamber 112 and occasionally opening intake valve 106 may 
be done to replenish the charge. A pressuriZed ?rst stage 
system might be employed Where, rather than draWing a 
fresh air charge, pumping begins With a charge of combus 
tion by product from cylinder 32. Again the intake valve 106 
and shutter valve 34 remain closed and valve 110 Would 
remain open While piston 102 reciprocates. Pumping With 
valve 106 held closed and valve 110 held open is preferably 
employed When the engine is under a positive load and it is 
undesirable that pumping mimic a compression brake or 
draW air from the intake manifold and thus divert it from the 
?ring cylinders. 

[0036] FIG. 3D re?ects the con?guration of pumping 
system 18 for recharging ?uidic ampli?er 83 or for an intake 
stroke When the engine is being used for compression 
braking. Exhaust valve 110 to cylinder 32 has closed and 
intake valve 106 has opened as piston 102 begins an intake 
stroke, draWing air from intake manifold 108 into chamber 
104. Shutter valve 34 opens alloWing air in exhaust chamber 
112 and exhaust pipe 118 to escape to the exhaust manifold 
17. This results in a pressure drop in chamber 112 Which 
alloWs a combination of air pressure in pumping chamber 
320 and spring 312 to return shuttle piston 304 in the 
direction indicated by the letter “F” to a neutral position. 
With movement of the shuttle piston 304, air pressure drops 
beloW ambient pressure in pumping chamber 320 and air is 
draWn through intake 183 and check valve 314 into the 
pumping chamber. 

[0037] Referring noW to FIGS. 4, 5 and 6, the preferred 
embodiments of the invention are illustrated. Diesel engine 
16 is a simpli?ed representation of the engine described 
above in connection With FIG. 2. The invention is employed 
to best effect When the various vehicle systems are moni 
tored and data related to operating variables are exchanged 
betWeen system control processes. This arrangement alloWs 
determination of advantageous times to compress air and 
further determines When there is a demand for air and the 
capacity to provide it. Compressed air may be applied to 
vehicle systems such as an air brake system 95 used by a 
trailer or by an air starter 50 used for starting a diesel engine. 
Compressed air at the high pressures efficiently recovered by 
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the tWo stage air compression system described here can 
also be employed to provide supplemental torque on 
demand. Utilization of the air also depends upon vehicle 
operating conditions. In contemporary vehicles major 
vehicle systems, eg the drive train, the engine, the brake 
system, and so on, are increasingly under the control of 
system controllers. The system controllers, including an 
engine controller 20, a transmission controller 130, an 
anti-lock brake system (ABS) controller 99, a gauge con 
troller 14, and body controller 30, communicate With one 
another over a controller area bus (CAN) 19, Which in the 
preferred embodiment conforms to the SAE J 1939 protocol. 
CAN bus 19 provides the necessary means to distribute data 
on vehicle operating conditions and control vehicle opera 
tion to support implementation of the invention. CAN net 
Works alloW controllers to place non-addressed data on a 
bus, in standard formats Which identify the character and 
priority of the data and Which still other controllers coupled 
to the bus can be programmed to recogniZe and operate on. 

[0038] The different embodiments of the invention pro 
vide alternative means to utiliZe the available high pressure 
air, Which are implemented using slightly different control 
arrangements. In a typical application the vehicle Will incor 
porate an air brake system 95 Which makes competing 
demands for compressed air. Requests of brake system 95 
for air, Which are initiated from the gauge controller 14, 
Which monitors brake pedal position sensor 81, are afforded 
a higher priority than other demands for compressed air. 
Requests for air and determinations of When to pressuriZe air 
are determined only When the vehicle is on, as indicated by 
the position of an on/off sWitch 58, Which may be monitored 
by gauge controller 14 or by body controller 30. ABS 
controller 99 may, in some vehicles, be utiliZed to determine 
vehicle speed from the Wheel rotational speed sensors 97 or 
from transmission tachometer 170. Vehicle speed is used for 
determining When to use compressed air. A transmission 
controller 130 is provided on vehicles equipped With auto 
matic or semi-automatic transmissions and provides gear 
selection for the transmission 150 based on engine speed, 
vehicle speed, available torque and torque demand. Engine 
controller 20 typically communicates With a tachometer 170 
coupled to an output shaft from a transmission 150 to 
determine vehicle speed. 

[0039] In the embodiment of FIG. 4 a hydrostatic motor 
160 provides drive train boost on demand. Hydrostatic 
motor 160 is used to boost a transmission 150 normally 
driven by the output shaft 152 from engine 16. Operation of 
hydrostatic motor 160 is supported by compressed air from 
a high pressure air tank 77. Air passes from air tank 70 
through a check valve 130 and a valve 85 to hydrostatic 
motor 170. Valve 85 is positioned by a solenoid controller in 
response to a control signal from engine control module 20. 
Hydrostatic motor 160 directly boosts transmission 150 to 
meet part of the torque demand received by the engine 
controller 20 from body controller 30, Which in turn deter 
mines torque demand from the position of an accelerator 
pedal 54 and torque availability for the engine by subtracting 
a load estimate from engine capacity (stored in look up 
tables). Engine controller 20 allocates the response betWeen 
the hydrostatic motor 160 and engine 16 as a function of 
engine rpms (determined from cam phase sensor 42), the 
availability of compressed air in air tank 70, provided by a 
pressure sensor 91 through body controller 30, and vehicle 
speed. Engine 16 has a torque output curve as a function in 
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engine rpm’s and load Which is loW at loW rpm’s and climbs 
to a peak as rpm’s increase. Supplemental torque is of 
greatest value for taking off from a standing start Where no 
gear choice is available alloWing for operation of the engine 
in an advantageous portion of the engine torque curve. Boost 
from hydrostatic motor 160 may also be used to limit 
loading on output shaft 152 from engine 16 to transmission 
150, alloWing the use of a loWer Weight crankshaft. Vehicles 
equipped With on board estimation of vehicle load can 
advantageously adjust the amount of boost to provide the 
desired acceleration While limiting the load on output shaft 
52. Reducing torque loads on diesel engines also reduces 
piston bloW-by, extending engine oil life and reducing 
particulate emissions. Exhaust from exhaust manifold 17 is 
handled conventionally being routed through an exhaust 
turbine 300 for a turbo-supercharger. Boost is tapered off as 
engine speed increases and more engine torque becomes 
available by progressively restricting flow through valve 85. 

[0040] Referring to FIG. 5, application of the invention in 
a turbo-compounded engine is illustrated. An exhaust tur 
bine 250 is connected to exhaust manifold 17 and mechani 
cally coupled to output shaft 152 in conventional fashion to 
boost the output to a transmission 150 from the crankshaft. 
Compressed air can be fed to the turbine 250 as a substitute 
for engine exhaust or mixed With the engine exhaust to boost 
the turbine’s mechanical output. Back pressure in poWer 
turbine 250 is monitored using a turbine pressure sensor 207 
Which is connected to engine controller 20 for reporting 
readings. Providing boost to the output shaft through a 
poWer turbine is useful for vehicles for starting the vehicle 
from a standing start When exhaust back pressure is loW. Air 
release here can be triggered by coincidence of a high torque 
request from body controller 30, loW speed and by engine 
load increasing With the vehicle in gear. 

[0041] Referring to FIG. 6, a vehicle is equipped With a 
turbo-supercharger (comprising turbine 300 and super 
charger 261, Which forces air by Way of a pressure regulator 
262 to an engine intake manifold 108. Compressed air tank 
70 is connected by check valve 130 and valve 85 to feed air 
to turbine 300 resulting in increased boost from super 
charger 261 by Way of pressure regulator 262 to intake 
manifold 108. Air pressure in intake manifold 108 is moni 
tored by a pressure sensor 279 Which feeds pressure readings 
to an engine controller 20. Air is forced into the intake 
manifold 108 upon occurrence of torque request, loW 
vehicle speed, loW engine speed and falling or loW intake 
manifold pressure sensed by pressure sensor 279. Here, 
rather than supplying a direct torque boost, the invention 
promotes good combustion and reduces the intake pumping 
burden on engine 16 during starts thus providing an indirect 
boost to torque. Pressure sensor 279 provides feedback 
limiting for the amount of air released to the intake mani 
fold. While compressed air could in theory be directed 
directly from the air tank 70 to intake manifold 108 it is 
considerably simpler from a design perspective to utiliZe 
existing supercharger boost arrangements and provide an 
alternative drive system for the supercharger. Supercharger 
lag time may also be reduced by using compressed air to 
spin up the poWer turbine ahead of exhaust gas availability. 

[0042] For any of the embodiments, engine 16 load can be 
estimated by engine controller 20. Engine control module 20 
determines fuel flow for injector controller 48 in response to 
torque requests from body controller 30. Engine load is 
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related to brake mean effective pressure Which in turn can be 
estimated as the fuel ?oW divided by engine speed. Com 
parison of the result to a look up table keyed to engine rpm’s 
alloWs determination of the amount of spare capacity avail 
able from a diesel. 

[0043] Referring to FIG. 7, a simpli?ed ?oW chart illus 
trating operation of the invention is depicted. Vehicle brak 
ing has a priority claim on air and accordingly the initial step 
700 is a determination if the brake system is engaged. If the 
brakes are engaged engine 16 may be used to help sloW the 
vehicle and at step 702 engine compression braking is 
started. Next, at step 704, tank pressure is read and if it loW, 
step 706 is executed to initiate tWo stage high pressure air 
compression. In order to maintain compression braking 
ef?ciency, air Will be exhausted from the intermediate ple 
num of the tWo stage pumps rather than returned to the 
engine cylinders. If tank pressure does not require adding 
air, engine pumping may be omitted. FolloWing the NO 
branch from step 704, or folloWing step 706 the process 
loops to continue monitoring brake position. 

[0044] If the brakes are determined at step 700 to be 
disengaged, step 708 is executed to determine if air pressure 
is too loW to permit use of air pressure to permit recovery of 
energy from the air. If may be noted that the tank pressure 
limit here may or may not be the same as that measured at 
step 704. Making the limit for step 708 loWer than the limit 
for step 704 promotes air compression occurring during 
periods of braking rather than during any period When spare 
engine capacity is available. If air tank 70 pressure falls 
beloW the minimum required by step 708 the YES branch 
from the decision block is taken to step 710 Where it is 
determined if the engine has a margin of spare capacity. If 
YES, split mode operation of engine 16 may be initiated at 
step 712 to alloW some of the cylinders to be used to restore 
air pressure to a minimum desired level. FolloWing the NO 
branch from step 710 or step 712 processing loops back 
through step 700 to determine brake position. 

[0045] FolloWing the YES branch from step 708 process 
ing is advanced to the torque boost utiliZation steps using 
compressed air. It is preferred that use of compressed air for 
driving a hydrostatic motor or to feed the turbine of a turbo 
compound engine be implemented With over pressure recov 
ered from vehicle braking and not from running the engine 
in a split mode under circumstances Where engine compres 
sion braking is not required. This preference is implemented 
by limiting operation of the hydrostatic motor and turbo 
compounding boost to periods When tank pressure re?ects 
pressure added by engine compression braking. HoWever, 
for vehicles used as delivery vehicles in urban or suburban 
areas Where there is a great deal idle time, another loop may 
be added folloWing the NO branch from step 708 to alloW 
split mode pressure operation during idle periods of the 
vehicle’s engine. This air pressure is available for non-brake 
devices to reduce variability in engine rpm’s. This type of 
operation can be energy ef?cient because the engine is 
alloWed to operate at a constant rpm and it should be 
effective in reducing emissions. 

[0046] Where the idle option is included, step 714 is 
executed folloWing a NO decision at step 708 to determine 
if the transmission is in gear or out of gear. This information 
is supplied by the transmission controller 130. If the trans 
mission is out of gear, split mode operation of the engine is 
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permitted to boost tank 70 air pressure to the maximum 
alloWed level. FolloWing the “out of gear” determination, 
step 725 is executed to determine if tank pressure is at the 
maximum alloWed level. If it is the process returns to the 
step 700. If not, split mode operation of the engine to add air 
is initiated at step 777 and processing returns to brake 
position determination step 700. 

[0047] FolloWing determination that the transmission is 
reported to be in gear at step 714, step 716 is executed to 
determine if engine rpm’s are falling. If YES, then step 720 
is executed to determine if torque is being requested by the 
body controller 30. If this determination is also af?rmative, 
then air is released to boost torque output at step 722. 
FolloWing step 722 or the NO branch of step 720 process 
execution is returned to brake position determination at step 
700. FolloWing the NO branch from step 716, step 718 is 
executed to determine if vehicle speed is loW, or stopped. If 
YES, step 720 folloWs. If NO, processing returns to the 
brake position determination step 700. If Will be understood 
that the steps 716 and 718 could be rearranged, or that a step 
determining Whether intake manifold pressure Was loW 
could be substituted if measuring for declining engine 
rpm’s. 
[0048] Allocation of the load betWeen the internal com 
bustion engine and the pressuriZed air output boost system 
is determined by the engine controller 20 Which varies the 
position of valve 85 to control How of compressed air. 
Available torque from compressed air is readily determined 
empirically and stored in look up tables. 

[0049] The invention provides for recapturing and reusing 
kinetic energy otherWise lost during braking by employing 
temporarily unused or unneeded cylinders in a diesel engine 
as ?rst stages in high pressure tWo stage air pumps. The 
energy is recycled in a number of Ways to boost drive train 
output, such as deploying compressed air supply torque to 
the transmission using a hydrostatic motor, delivering the air 
to the turbine of an turbo-compound engine, or increasing 
intake manifold pressure by driving the poWer turbine for a 
turbo-supercharger. The consequential reduction in load on 
the engine during take off from a standing start or during 
periods climbing an upgrade Which require loW engine speed 
operation can reduce pollutant production otherWise char 
acteristic of diesels at loW rpms. 

[0050] While the invention is shoWn in only one of its 
forms, it is not thus limited but is susceptible to various 
changes and modi?cations Without departing from the spirit 
and scope of the invention. 

1. A motor vehicle comprising: 

an air storage tank mounted on the motor vehicle; 

a drive train including a transmission and an internal 
combustion engine having a plurality of cylinders, an 
exhaust pipe from each cylinder and a crank shaft for 
turning the a transmission; 

a multi-stage compressor including at least a ?rst cylinder 
of the internal combustion engine for operation as a loW 
pressure compression stage to pump air to the exhaust 
pipe for the ?rst cylinder and a high pressure stage 
coupled to the exhaust pipe for the ?rst cylinder for 
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actuation and an outlet from the high pressure stage 
connected to supply high pressure air to the air storage 
tank; 

a controllable discharge valve from the air storage tank; 
and 

a drive train booster connected by the controllable dis 
charge valve to the air storage tank for receiving 
pressuriZed air. 

2. A motor vehicle as set forth in claim 1, further com 
prising: 

a controller area netWork; 

an engine controller communicating With the controller 
area netWork and for determining engine load and 
engine torque capacity information and for implement 
ing engine compression braking and split mode opera 
tion of the engine; 

a braking system for retarding vehicle velocity including 
through requests for engine compression braking 
placed on the controller area netWork; 

a pressure sensor associated With the air storage tank for 
generating pressure signals for the engine controller; 
and 

the engine controller being further responsive to a ?rst 
minimum pressure sensor reading beloW the maximum 
alloWed pressure for initiating operation of the multi 
stage compressor during engine compression braking 
and still further responsive to pressure sensor readings 
beloW a second greater minimum threshold for initiat 
ing split mode operation engine and concurrently ini 
tiating operation of the multi-stage compressor during 
periods When the engine has excess capacity. 

3. A motor vehicle as set forth in claim 2, Wherein the 
drive train booster comprises a compressed air poWered 
hydrostatic motor coupled to the transmission. 

4. A motor vehicle as set forth in claim 2, Wherein the 
drive train booster comprises a poWer turbine coupled to the 
crankshaft. 

5. A motor vehicle as set forth in claim 2, Wherein the 
drive train booster comprises: 

a supercharger having an exhaust driven poWer turbine; 
and 

an intake manifold for the internal combustion engine 
coupled for boost from the supercharger. 

6. A motor vehicle as set forth in claim 1, further com 
prising: 

a pressure sensor for the air storage tank; 

a body controller for estimating load on the internal 
combustion engine and for receiving pressure readings 
from the pressure sensor; 

the body controller being responsive to an estimate of a 
negative load on the internal combustion engine and a 
pressure reading beloW a maximum alloWed level for 
the air storage tank for initiating pump operation of the 
at least ?rst cylinder; and 

the body controller being further responsive to an estimate 
of a non-negative load on the internal combustion 
engine Which leaves spare load capacity and a pressure 
reading for the air storage tank beloW a minimum limit 
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for initiating split mode operation of the internal com 
bustion engine and pump operation of the at least ?rst 
cylinder. 

7. A motor vehicle as set forth in claim 6, further com 
prising: 

a torque request input coupled to the body controller; and 

the body controller being responsive to a request for 
torque and an air pressure reading from the pressure 
sensor exceeding a boost threshold minimum for direct 
ing the opening of the controllable discharge valve to 
the drive train booster. 

8. A motor vehicle as set forth in claim 6, further com 
prising a brake pedal position sensor Wherein a negative load 
on the internal combustion engine is indicated by a brake 
pedal position sensor signals. 

9. A vehicle comprising: 

an engine controller 

a drive train including a transmission, an engine having a 
plurality of cylinders, and an output shaft from the 
engine, the engine having one or more cylinders Which 
can be operated as non-?ring air pumps under the 
control of the engine controller; 

exhaust pipes from the cylinders; 

a shutter valve located in the exhaust pipe for at least one 
cylinder Which can be diverted to operation as an air 
pump, the shutter valve being positionable to retard 
exhaust of air pumped from the cylinder; 

a ?uid ampli?er having an input communicating With the 
exhaust pipe betWeen the cylinder and the shutter valve 
to operate as second stage high compression ?uid 
Pump; 

a high pressure storage tank connected to the ?uid ampli 
?er to receive compressed ?uid; and 

a drive train booster connected to the high pressure 
storage tank to receive compressed ?uid. 

10. A motor vehicle as set forth in claim 9, further 
comprising: 

a controller area netWork; 

controller means for generating a vehicle speed signal for 
broadcast on the controller area netWork; 

the engine controller communicating With the controller 
area netWork for providing engine load and engine 
torque capacity information and for implementing 
engine compression braking and split mode operation 
of the engine during Which one or more cylinders 
operate as non-?ring air pumps; 

a braking system for retarding vehicle velocity including 
through requests for engine compression braking 
placed on the controller area netWork; 

a pressure sensor associated With the high pressure ?uid 
storage tank for generating pressure signals and placing 
the signals on the controller area netWork; and 

the engine controller being further responsive to pressure 
sensor readings beloW the maximum alloWed pressure 
for operating the shutter valve to cause the ?uid ampli 
?er to pump ?uid into the high pressure storage tank 
during engine compression braking and still further 
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responsive to pressure sensor readings below a second 
greater minimum threshold for initiating split mode 
operation of the engine and concurrently operating the 
shutter valve to actuate the ?uid ampli?er to pump ?uid 
into the high pressure storage tank When internal com 
bustion engine capacity is available. 

11. A motor vehicle as set forth in claim 10, further 
comprising: 

a body controller connected to the controller area netWork 
for generating requests for torque from the internal 
combustion engine through the engine controller; 

a boost valve actuated by an engine controller for pro 
viding pressuriZed ?uid from the high pressure tank to 
the drive train booster; and 

the engine controller being responsive to high transient 
torque requests and available pressure in the high 
pressure storage tank for opening the boost valve. 

12. A motor vehicle as set forth in claim 11, Wherein the 
drive train booster is a hydraulic motor coupled to drive an 
automatic or semi-automatic transmission. 

13. A motor vehicle as set forth in claim 11, Wherein the 
drive train booster is a poWer turbine coupled to supply 
torque to an engine output shaft. 

14. A motor vehicle as set forth in claim 11, Wherein the 
drive train booster is a turbo-supercharger. 

15. A kinetic energy recovery system for a vehicle, 
comprising: 

an internal combustion engine having a plurality of com 
bustion cylinders and eXhaust ports from the combus 
tion cylinders; 
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a vehicle drive train connected to the internal combustion 
engine as prime mover for the vehicle drive train; 

a multi-stage air compression system; 

one or more cylinders of the internal combustion engine 
being available as a a loW pressure stages in the 
multi-stage air compression system; 

a high pressure stage for the multi-stage compression 
system actuated by operation of the loW pressure stage 
for pumping air; 

compressed air storage coupled to receive air pumped 
from the high pressure stage; 

a compressed air operated drive train booster coupled by 
a pressure regulating valve to the compressed air stor 
age; 

a controller area netWork; 

sensors distributed about the vehicle providing vehicle 
information for distribution on the controller area net 

Work; and 

a body controller and an engine controller coupled to 
receive information on the controller area netWork and 
responsive thereto for coordinating operation of the 
multi-stage air compression system, the compressed air 
storage and the drive train booster. 

16. (canceled) 


