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THROTTLE RESERVE EDITING
RPM RPM RPM RPM RPM RPM
750 800 900 950 1010 1020
Pa IS MAP PRESS. Abs (In Hg) Res IS RESERVE DIFFERENTIAL PRESS. (In Hg)
Pa | Res |Pa | Res |Pa | Res |Pa | Res {Pa [ Res {Pa | Res
1 |30 | 25.0]30 | 25.0]30 | 25.0[30 | 25.0{30 | 25.0{30 [ 5.0
2 |35 | 15035 | 16.0|35 | 15.0|35 | 15.0|35 | 15.0]35 | 5.0
3 |45 | 15.0[45 | 15.0|45 | 15.0]45 | 15.0]45 [ 15.0{45 | 5.0
4 |55 | 15.0155 | 15.0(55 | 156.0|55 | 15.0{55 | 15.0{55 | 5.0
5 |65 | 15.0165 | 15.0|65 | 16.0|65 | 15.0[65 | 15.0]65 | 5.0
6 |70 | 15.0]70 | 15.0/70 | 15.0{70 | 15.0]70 [ 15.0]70 | 5.0
7 |88 | 15.0|89 | 13.0/90 | 13.0/92 | 13.0]92 | 13.0]92 [ 5.0
8 |91 [15.0]92 | 0.0 |93 [ 0.0 [95 [ 0.0 [95 | 0.0 |95 [ 5.0
326 320 328
FIG. 16 L K 2 &
30 T
308
25 «
THROTTLE 20 306 4 3
DIFFERENTIAL 330 310| 312 N 11\6
PRESSURE, 15 & f_kﬁj_
(RESERVE), 339 ~ ﬁh‘
) r
5
314
005 1015 20 25 3035 40 45 50 55 60 65 70 75 80 85 90 95
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TURBOCHARGER CONTROL
MANAGEMENT SYSTEM THROTTLE
RESERVE CONTROL

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of commonly
owned U.S. application Ser. No. 09/232,087 filed Jan. 15,
1999, which is a division of U.S. application Ser. No.
08/812,064, filed Jan. 31, 1997, which is a continuation of
U.S. application Ser. No. 08/472,474, filed Jun. 7, 1995, now
U.S. Pat. No. 5,605,044, which is a division of U.S. appli-
cation Ser. No. 08/236,467, filed May 2, 1994, now U.S. Pat.
No. 5,551,236, and relates to commonly owned U.S. appli-
cation Ser. No. 08/707,009, filed Sep. 3, 1996, now U.S. Pat.
No. 5,816,047, all incorporated herein by reference.

FIELD OF THE INVENTION

The invention relates to a turbocharger control and man-
agement system for maximizing the efficiency of a turbo-
charger and an internal combustion engine.

BACKGROUND OF THE INVENTION

A turbocharger includes a compressor and a turbine. The
turbine drives the compressor with exhaust energy created
by the internal combustion engine. The engine exhaust
drives a turbine wheel in the turbine of the turbocharger and
is discharged through an exhaust system. The turbine wheel
drives a shaft connected to a compressor wheel in the
compressor which pressurizes intake air, previously at atmo-
spheric pressure, and forces it typically through an inter-
cooler and over a throttle valve and into an engine intake
manifold. Controlling the output of the turbocharger to
obtain desired engine operation has been a long standing
problem. Too much output can create erratic engine perfor-
mance and permanently damage engine components. Too
little output causes engine hesitation and loss of power.
Additionally, changes in atmospheric pressure, ambient tem-
perature and engine speed affect the overall efficiency of the
turbocharger which directly affects the performance, power
output, and fuel economy of the engine.

Prior to the invention of the noted U.S. Pat. No. 5,551,
236, hereinafter the 236 patent, some turbocharger systems
used a bypass valve connected to the output of the com-
pressor to relieve excessive pressure. Typically, the bypass
valve of these prior art systems sensed the differential
pressure between the compressor discharge and intake
manifold, ie. the pressure difference across the throttle
valve, and opened the bypass valve to vent pressure at a
given threshold and remained open until the pressure fell
below the threshold level. Other systems used a wastegate
between the exhaust manifold discharge and the exhaust
system to regulate the turbocharger by diverting engine
exhaust energy from the turbine. The wastegate of this prior
system was actuated by a compressor discharge pressure
sensing type valve. Because these systems operated
independently, and both were either opened or closed
depending on the compressor discharge pressure, the turbo-
charger had a very limited range of operation. The range was
so limited that it was necessary to use different turbocharger
hardware, i.e. turbine and compressor wheels, for varying
attitudes of operation and engine configurations.

Since the turbocharger’s compressor and turbine wheels
are sized not only for altitude, but also to achieve a rated
power horsepower at a desired speed for each particular

20

25

40

45

2

engine, the power and torque output of an engine would drop
dramatically when the engine is run at less than the rated
speed or at a different altitude because the pressure sensing
valves were only dependent on compressor discharge pres-
sure and would actuate regardless of engine speed. For
example, an engine rated at 190 psi BMEP (braking mean
effective pressure) at 1,000 rpm, would have trouble pro-
ducing 190 psi BMEP at 700 rpm because of the reduced
output of the turbocharger due to the falling speed and
because of the mechanical pressure sensing and releasing
valves previously used.

Typically, large industrial internal combustion engines
operate for long periods and are capable of generating
thousands of horsepower. These engines are designed to
operate at 10% over rated load intermittently, and are used
for generating electrical power, pumping natural gas and oil
powering large ships and off-shore well drilling operations,
and so on. In such applications, it is desirable to produce
maximum power and/or maintain maximum torque at
reduced engine speeds. However, because previous turbo-
charger control systems were simply a function of the
compressor discharge pressure, the mechanical valves
would release pressure regardless of the engine’s speed and
therefore regardless of the engine’s need. Under such
circumstances, when the engine speed is reduced but the
load is maintained, the engine requires near constant intake
manifold pressure to maintain torque output. Under these
conditions, it would be desirable to adjust the bypass valve
to change total mass airflow and adjust the wastegate to
direct more engine exhaust to the turbocharger in order to
produce near constant intake manifold pressure such that the
compressor operates more efficiently at these speed and load
conditions.

The invention of the "236 patent provides a simple and
effective method and system for maintaining engine torque
output at lower than rated speeds and at varying ambient
temperatures and barometric pressures by stabilizing the
turbocharger output within a predetermined range of effi-
cient operation. The invention of the 236 patent provides an
electronic turbocharger control system, including a waste-
gate and bypass valve, which eliminates the need for match-
ing individual compressor and turbine wheels of a turbo-
charger for each particular engine configuration and
application. This particular aspect of the invention of the
’236 patent allows a manufacturer to use one set of turbo-
charger hardware for various engine applications. For
example, prior to the invention of the 236 patent, as many
as 13 different turbocharger wheels would be required to
adequately cover a 0-7,000 foot above sea level range of
elevations. With the invention of the *236 patent, one set of
turbocharger hardware can be used at all elevations in this
desired range. Further economic advantage is gained not
only by the low cost of the electronic control relative to the
high cost of the compressor and turbine wheels, but also by
the elimination of inventory and the need for custom wheels
for special applications. Customer satisfaction may also be
greatly improved by the elimination of long procurement
leadtimes for replacement components. The invention of the
’236 patent provides constant torque at varying engine
speeds allowing an operator to obtain additional load at
reduced engine speed for improved fuel economy. The
invention of the ’236 patent provides maximum power over
a range of engine speeds while maintaining the turbocharger
in its most efficient range of operation. The invention of the
’236 patent provides a control system which maintains
turbocharger efficiency within a desired range of pressure
ratio versus mass air-flow rates.
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The invention of the noted U.S. Pat. No. 5,816,047,
hereinafter the ’047 patent, relates to an electronically
controlled wastegate valve on a turbocharged internal com-
bustion engine. In particular, the invention of the *047 patent
relates to a control system and method that adaptively
adjusts the throttle pressure reserve to improve load accep-
tance when the load on the engine is fluctuating, and
optimize engine efficiency when the load on the engine is
relatively steady. The invention of the *047 patent is prima-
rily directed to large industrial internal combustion engines
that are fueled by natural gas, and are intended to operate for
long periods, and are capable of generating thousands of
horsepower. These large engines are typically used for
generating, electrical power, pumping natural gas and oil, or
powering offshore well drilling operations, and so on.

The invention of the 047 patent applies to turbocharged
internal combustion engines having a wastegate valve. A
turbocharger includes a turbine and a compressor. In a
turbocharged engine, exhaust drives a turbine wheel in the
turbine, which in turn drives a shaft connected to a com-
pressor wheel in the compressor. The exhaust exiting the
turbocharger discharges through an exhaust outlet duct. The
compressor typically pressurizes or turbocharges ambient
air, and forces the pressurized intake air through an inter-
cooler and a carburetor (or other fuel addition device such as
clectronic fuel injection), past a throttle valve, and into an
engine intake manifold. In some systems, the carburetor is
located upstream of the compressor so the compressor
pressurizes a mixture of fuel and air. Exhaust discharges
from the engine through an engine exhaust manifold, and is
directed through an exhaust manifold discharge duct to the
turbine of the turbocharger. A wastegate valve is often
provided to divert some or all of the engine exhaust energy
away from the turbine of the turbocharger. Usually, the
wastegate valve is located within a passage between the
exhaust manifold discharge duct and the exhaust system
outlet duct.

Using a standard wastegate control otherwise known as a
maximum boost regulator, the wastegate valve remains
closed until the pressure of the pressurized intake air from
the compressor becomes large enough to actuate a spring
mechanism in the wastegate actuator to open the wastegate
valve. The system thus diverts engine exhaust away from the
turbine in the turbocharger when the compressor discharge
pressure reaches a maximum boost value. In such a maxi-
mum boost system, the wastegate valve remains closed at
light loads and continues to remain closed until the engine
reaches about 80% to 90% of full load. Even when the
throttle is fully open in a maximum boost system, opening
the wastegate valve will reduce the amount of energy
supplied to the turbine in the turbocharger, and in turn will
maintain the compressor discharge pressure at the maximum
boost value.

It is known in the art to use a fixed AP wastegate control
in conjunction with a maximum boost regulator. In a fixed
AP wastegate control, the wastegate valve is adjusted to
maintain a fixed pressure reserve across a throttle (i.e. a fixed
pressure drop across the throttle at light or medium engine
loads). Compared to the standard wastegate control using
only a maximum boost regulator, the fixed AP wastegate
control tends to improve engine efficiency at light and
medium loads due to reduced exhaust pressure and the
associated pumping losses. The maximum boost regulator in
a fixed AP wastegate control operates in a similar manner to
the standard wastegate control to limit the maximum com-
pressor discharge pressure. In a fixed AP wastegate control,
the throttle pressure reserve can be monitored mechanically
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using a pressure tap upstream of the throttle and another
pressure tap downstream of the throttle. The pressure dif-
ference between the pressure taps typically drives a spring
actuated wastegate valve actuator. Alternatively, the throttle
pressure reserve can be determined electronically by sensing
the pressure both upstream and downstream of the throttle,
and subtracting the two sensed pressures electronically to
determine a pressure difference across the throttle.

Large industrial internal combustion engines typically
operate at a fixed speed, but the load on the engine varies.
If there is a large increase in the load, the throttle on the
engine opens and the pressure difference across the throttle
drops, which provides an initial increase in engine power
output. In other words, the throttle pressure reserve provides
the initial increase in engine power output. The remaining
increase in power output is due to the fact that the turbo-
charger will continually speed up as the wastegate remains
closed. The wastegate will remain closed until the throttle
pressure reserve (i.c. the pressure drop across the throttle)
recovers. It takes a relatively long time (e.g. 5 seconds) for
the turbocharger to speed up and for the pressure drop across
the throttle to recover completely. In large industrial internal
combustion engines having a fixed AP wastegate control, the
desired throttle pressure reserve is normally chosen to
compromise between reasonable fuel consumption and yet
maintaining satisfactory load acceptance.

With a fixed AP wastegate control, engine efficiency can
be improved by maintaining a low pressure drop across the
throttle, but the load acceptance of the engine is reduced. A
higher throttle pressure reserve permits the engine to accept
greater loads at constant speed or to accelerate a constant
load upon the opening of the throttle without hesitation due
to the lack of intake manifold pressure. However, to obtain
optimum engine efficiency, it is desired to maintain the
throttle in an open position thus reducing the throttle pres-
sure reserve and the load acceptance of the engine. There is
therefore a trade-off between engine response and fuel
consumption.

It can be appreciated that it would be desirable to maintain
a relatively small throttle pressure reserve to improve engine
efficiency when the load on the engine is relatively stable,
yet maintain a relatively large throttle pressure reserve to
improve engine load acceptance when the load on the engine
fluctuates. The invention of the ’047 patent provides an
adaptive wastegate control in which the desired throttle
pressure reserve, or AP set point, is determined depending
upon the history of the engine load, or the history of some
other factor such as engine speed or intake manifold abso-
lute pressure which can give an indication of engine load. In
this manner, the invention of the 047 patent provides a large
throttle pressure reserve when the engine load is fluctuating,
thus improving the engine response to load changes, and a
smaller throttle pressure reserve when the engine load is
relatively stable, thus improving fuel consumption.

In particular, the preferred embodiment of the invention
of the *047 patent involves the use of an electronic controller
that receives a signal from a pressure transducer located
upstream of the throttle, a signal from another pressure
transducer located downstream of the throttle, and an engine
load signal from an engine load sensor. The electronic
controller generates a wastegate control signal that instructs
a wastegate actuator to close or to open the wastegate valve.
The electronic controller adaptively generates a desired
throttle pressure reserve value that depends at least in part
upon the prior history of the engine load. If the pressure drop
across the throttle, as determined from signals from the
upstream and downstream pressure transducer, is greater
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than the desired throttle pressure reserve value, the elec-
tronic controller generates a wastegate control signal
instructing the wastegate valve to open. If the pressure drop
across the throttle is less than the desired throttle pressure
reserve value, the electronic controller instructs the waste-
gate actuator to close the wastegate valve. Since the desired
throttle pressure reserve value depends at least in part on the
history of the engine load, the electronic controller can
provide a relatively large throttle pressure reserve for fluc-
tuating loads to improve load acceptance, and cam provide
a relatively low throttle pressure reserve to improve fuel
consumption when the loads are relatively steady.

The desired throttle pressure reserve value in the ‘047
patent is consistently driven downward, thus improving
engine efficiency or fuel consumption absent a significant
fluctuation in the engine load to drive the desired pressure
reserve value upward. This can be accomplished in the
electronic controller by applying a constant negative gain
term, as well as engine load terms, in a loop update scheme.
It is not necessary that this type of adaptive scheme be used
over all ranges of engine load. For instance, in industrial
electrical power applications, engine efficiency at light
engine loads is relatively unimportant, so it may be desirable
to set the throttle pressure reserve at a high level for light
loads, and use an adaptive scheme to improve engine
efficiency at higher loads only.

Engine load can be monitored in several ways. One
practical way for monitoring change in engine load is to
monitor engine speed such as with an engine rpm sensor.
Engine speed change is a fairly good surrogate for engine
load change especially in large industrial applications. The
invention of the *047 patent achieves its primary objective of
allowing large industrial internal combustion engines to
improve fuel consumption at steady loads, yet provide
sufficient throttle pressure reserve for satisfactory load
acceptance when the load on the engine is fluctuating.

SUMMARY OF THE INVENTION

The present invention controls the engine to vary differ-
ential pressure across the throttle, AP, also known as throttle
reserve, according to a predetermined throttle reserve profile
relative to at least one engine parameter. In preferred form,
throttle reserve is controlled according to engine speed and
engine load.

Aset of throttle reserve profiles in a plot of throttle reserve
versus engine load have a first engine speed range having a
first high throttle reserve value at a first low engine load
value, a second main operational throttle reserve value at a
series of second main operational engine load values, and a
third low throttle reserve value at a third high engine load
value. The throttle reserve is preferably varied by controlling
a wastegate connected to the turbine and having a closed
condition providing maximum boost, and an open condition
providing minimum boost, of the turbocharger. The noted
first high throttle reserve value is set at an unobtainably high
value such that the wastegate is continually driven towards
its closed condition at the noted first low engine load value.
The noted third low throttle reserve value is set at a low
enough value to eventually cause the engine to stall, such
that the wastegate is continually driven towards its open
condition at the noted third high engine load value.

The noted second main operational throttle reserve value
lies along an operational range of engine load values having
a high end and a low end. The noted first high throttle
reserve value is set along a low load range of engine load
values extending toward lower engine load values from the
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low end of the operational range. The noted third low trottle
reserve value is set along a high load range of engine load
values extending toward higher engine load values from the
high end of the operational range. The noted operational
range along the plot is substantially longer than each of the
low load and high load ranges. The slope of the profile of the
plot along the low load range is substantially steeper than the
slope along the operational range. The slope of the profile of
the plot along the high load range is also substantially
steeper than the slope along the operational range.

A secondary throttle reserve profile is provided for a
second engine speed range having a fourth throttle reserve
value, the second engine speed range being higher than the
first engine speed range. The fourth throttle reserve value is
less than the noted first and second throttle reserve values,
and greater than the noted third throttle reserve value.

A desired AP at a future time t, is set by adding an error
term to desired AP at a present time t,. The error term is a
function of the difference between observed AP and desired
AP. The proportional gain term is varied nonlinearly with
throttle reserve error, to rapidly bring AP within a given
window, and then more slowly change AP once it is within
such window.

BRIEF DESCRIPTION OF THE DRAWINGS
RELATED APPLICATIONS

FIG. 1 is taken from FIG. 1 of the ’236 patent and is a
schematic illustration of a power system.

FIG. 2 is taken from FIG. 2 of the ’236 patent and is a
schematic illustration of a control system.

FIG. 3 is taken from FIG. 3 of the ’236 patent and is a
typical graph of a ratio of compressor discharge pressure
over barometric pressure versus mass air flow of a turbo-
charger compressor.

FIG. 4 is taken from FIG. 4 of the 236 patent and is a
typical graph of the bypass valve position versus intake
manifold pressure.

FIG. 5 is taken from FIG. 5 of the 236 patent and is a
typical graph of the wastegate position versus intake mani-
fold pressure.

FIG. 6 is taken from FIG. 6 of the *236 patent and is a
typical graph of throttle angle position versus brake mean
effective pressure.

FIG. 7 is taken from FIG. 1 of the 047 patent and is a
schematic drawing illustrating a turbocharged internal com-
bustion engine with a standard wastegate control as is
known in the prior art.

FIG. 8 is taken from FIG. 2 of the 047 patent and is a
schematic drawing illustrating a turbocharged internal com-
bustion engine having a fixed AP wastegate control as is
known in the prior art.

FIG. 9 is taken from FIG. 3 of the *047 patent and is a
schematic drawing illustrating a turbocharged internal com-
bustion engine having an adaptive AP wastegate control in
accordance with the *047 patent.

FIG. 10 is taken from FIG. 4 of the *047 patent and is a
flowchart illustrating the preferred scheme for continuously
adjusting the desired throttle pressure reserve for the system
shown in FIG. 9.

FIGS. 11 through 13 are graphs plotting the AP set point,
engine speed, and engine torque versus time, which depict
the response of the adaptive AP wastegate control shown in
FIGS. 9 and 10 with respect to changes in engine load.

PRESENT INVENTION

FIG. 14 is a schematic illustration of a control system in
accordance with the present invention.
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FIG. 15 is a table showing throttle reserve editing.

FIG. 16 is a plot of AP, throttle reserve, versus engine
load, measured in absolute intake manifold pressure.

FIG. 17 is a table showing nonlinear variance of an error
term.

FIG. 18 is a flowchart illustrating the preferred scheme for
nonlinearly varying the error term.

DETAILED DESCRIPTION OF THE DRAWINGS
PRIOR APPLICATIONS

As shown in FIG. 1 and in accordance with the invention
of the *236 patent, an engine 10 includes an intake manifold
12 and an exhaust manifold 14 functionally connected to a
turbocharger 16. Turbocharger 16 includes a compressor 18
and turbine 20. The input of compressor 18 is connected to
an air cleaner (not shown) with air intake duct 28. The air
cleaner filters intake air from atmospheric/barometric pres-
sure which is drawn into compressor 18 through air intake
duct 28 under partial vacuum created by compressor wheel
30 in compressor 18. Compressor wheel 30 is driven by
shaft 32 which is driven by turbine wheel 34 in turbine 20.
Turbine wheel 34 is driven by engine exhaust provided to
turbine 20 by engine exhaust duct 36 which is connected to
exhaust manifold 14 of engine 10.

The output of compressor 18 is connected to intercooler
22 by compressor discharge duct 24. Compressor wheel 30
compresses intake air and forces it through compressor
discharge duct 24 to intercooler 22 which functions as a heat
exchanger removing excess heat from the turbocharged
intake air as is commonly known. Turbocharged intake air is
then channeled to throttle 38, intake manifold 12, and to
engine 10. Throttle 38 creates a pressure differential depend-
ing on its position, such that air pressure into the throttle is
at compressor discharge pressure and air pressure out of the
throttle- is at intake manifold pressure.

Bypass valve 40, in bypass duct 42, connects compressor
discharge duct 24 and engine exhaust duct 36 to functionally
relieve pressure in compressor discharge duct 24 and
increase airflow though compressor 18 by regulating airflow
through bypass duct 42. Wastegate 44, in discharge duct 45,
connects engine exhaust duct 36 and exhaust discharge duct
46 to functionally divert engine exhaust in exhaust duct 36,
thereby decreasing exhaust mass airflow to turbine 20 which
decreases the compressor discharge pressure produced by
compressor 18 by regulating the amount of engine exhaust
through discharge duct 45.

Turbocharger control module 48, FIG. 2, includes pro-
cessor 50 and memory 52. In the preferred embodiment,
memory 52 is an electrically erasable programmable read
only memory (EEPROM) in which the parameters pro-
grammed therein can be changed and adjusted in the field.
Turbocharger control module 48 has a plurality of engine
characteristic signal inputs, namely intake manifold pressure
signal 54, engine speed signal 56, and ambient temperature
signal 58. The signals Ad are produced by a plurality of
engine characteristic monitors, namely intake manifold pres-
sure monitor 60 for sensing engine load, engine speed
monitor 62 for sensing engine speed, and ambient tempera-
ture monitor 64 for sensing external temperature. Signals 54,
56 and 58 are input to module 48 in analog form and
converted to digital form by analog to digital (A/D) con-
verter 51. Processor 50, of turbocharger control module 48,
processes the characteristic signals by selecting predeter-
mined values from memory 52 for the bypass control signal
66 and wastegate control signal 68 based upon the values of
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the characteristic signals and a preprogrammed barometric
pressure. Digital to analog (D/A) converter 53 converts the
digital signal produced by processor 50 to the analog signals
66 and 68 within module 48.

Bypass control actuator 70 senses bypass control signal
66 and responds by rotating shaft 72 which changes the
angular position of bypass valve 40. Similarly, wastegate
control actuator 74 senses wastegate control signal 68 and
rotates shaft 76 to change the angular position of wastegate
44. Bypass control actuator 70 and wastegate control actua-
tor 74 are electromechanical controls that include a DC
motor and a driving gear train (not shown) which are
commonly known. Actuators 70 and 74 each include a
potentiometer (not shown) for sensing the position of shafts
72 and 76 and producing a bypass position feedback signal
78 and wastegate position feedback signal 80, respectively.
Turbocharger control module 48 senses the position feed-
back signals 78 and 80, converts the analog signals to digital
signals in A/D converter 51, compares the digital signals to
the desired positions of bypass valve 40 and wastegate 44
previously determined, creates revised control signals, con-
verts the digital signals to analog signals in D/A converter 53
and responds with an appropriate bypass control signal 66
and wastegate control signal 68 to adjust bypass valve 40
and wastegate 44 to the desired positions.

Memory 52 of turbocharger control module 48 is prepro-
grammed with sets of predetermined parameters reflecting
desired settings for bypass valve 40 and wastegate 44. Each
set of parameters is based upon engine characteristic signals
54, 56, 58 and an operating system barometric pressure
determined for a given altitude. The embodiment of the *236
patent uses three sets of parameters based on altitude, one
for 0-3,000 feet, one for 3,000-5,000 feet and one for
5,000-7,000 feet; however, it is within the contemplation of
the invention of the *236 patent to vary the number of sets,
as well as the ranges within each set. RS-232 port 82
provides a service port to connect a computer to turbo-
charger control module 48, as is well known, for initial and
reset programming and for diagnosing errors, in the module.

The turbocharger control system of the invention of the
’236 patent is used on large, industrial internal combustion
engines which are typically installed on stationary, non-
mobile installation sites. Therefore, during the initial factory
set-up, the barometric pressure is calibrated on an absolute
basis, then later when the installation site altitude is
determined, the turbocharger control module is programmed
via RS-232 port 82 from barometric pressure monitor 100 to
program processor 50 to select the correct set of prepro-
grammed parameters from memory 52 which correspond to
the engine operating environment’s barometric pressure. In
this manner, turbocharger 16, FIG. 1, can be controlled to
operate within the preferred bands of operation shown in
FIG. 3 as kidney shaped curves 102, 104, 106 and 108,
which are also known as islands of efficiency. FIG. 3 shows
the ratio of compressor discharge pressure over barometric
pressure versus the mass airflow through the turbocharger
compressor. Optimum turbocharger compressor output is
obtained when the mass airflow and pressure ratio are
centered within the islands of efficiency 102, 104, 106 and
108. During testing at various engine speeds and loads, it
was found that opening wastegate 44, FIG. 1, lowers the
pressure ratio of the vertical axis, shown by wastegate lines
110, FIG. 3, while opening bypass valve 40, FIG. 1,
increases the mass airflow of the horizontal axis but also
may change the pressure ratio of the vertical axis, shown by
bypass curves 112, FIG. 3. By testing the system at various
engine speeds and loads, an optimum wastegate 44, FIG. 1,
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angular position and bypass valve 40 angular position can be
determined to control compressor discharge pressure and
mass airflow within the islands of efficiency 102, 104, 106
and 108, FIG. 3. Processor 50, FIG. 2, of turbocharger
control module 48, processes the digital form of intake
manifold pressure signal 54, engine speed signal 56 and
ambient temperature signal 58, and being preprogrammed
for the barometric pressure of the operating system’s
environment, accesses a look-up table in memory 52 and
produces bypass control signal 66 and wastegate control
signal 68, as previously described, which independently
control bypass valve 40 and wastegate 44 to the desired
positions to maintain operation within the efficiency islands
102, 104, 106 and 108, FIG. 3.

Bypass valve 40, FIG. 1, performs two functions. First,
because during engine start-up the engine exhaust pressure
in engine exhaust duct 36 is greater than the compressor
discharge pressure in duct 24, bypass valve 40 is closed to
prevent the passage of engine exhaust into compressor
discharge duct 24. Second, bypass valve 40 regulates com-
pressor discharge pressure and mass airflow once the engine
is running at a minimum idle speed, typically 650 to 750
rpm. Once the minimum engine rpm is reached, bypass
valve 40 is regulated through a range of effective bypass
valve angles. Although testing was conducted on a range
from 0° to 80° in FIG. 3, FIG. 4 displays the effective angles
to be between 0° and 40°. FIG. 4 is a typical graph of bypass
valve angle versus intake manifold pressure for various
engine speeds. As shown, bypass valve 40, FIG. 1, is held
closed until a minimum intake manifold pressure is
obtained. Once the minimum intake manifold pressure is
reached, in this case 30 inches of mercury, bypass valve 40
is set at a predetermined angle depending on the engine
characteristic signals.

Similar to bypass valve 40, wastegate 44 was also tested
in the range of 0° to 80° in FIG. 3; however, FIG. 5 shows
the effective angles to be between 0° and 35°. FIG. 5 is a
typical graph of wastegate angle versus intake manifold
pressure for various engine speeds. When closed, wastegate
44, FIG. 1, causes nearly all of the engine exhaust to pass
into turbine 20 and out exhaust discharge line 46. Wastegate
44 is closed, for example, during initial engine start-up to
direct full engine exhaust through turbine 20 to drive turbine
wheel 34 which drives shaft 32 and compressor wheel 30
until the intake manifold pressure reaches a minimum level
as indicated by a pressure ratio between 1.25 and 1.4, FIG.
3. Typical effective wastegate angle settings are shown in
FIG. 5 for engine speeds ranging from 750 to 1100 rpm at
an exemplary altitude of 650 feet above sea level and an
ambient temperature of 90° F. FIG. 5 shows how the
invention of the *236 patent achieves the desired constant
intake manifold pressure when the engine speed drops by
changing the wastegate angle which results in near constant
intake manifold pressure as shown, for example, at data
points 122, 124, 126, 128, 130 and 132. Maintaining sub-
stantially constant intake manifold pressure, as indicated,
achieves substantially constant torque output. Functionally,
wastegate 44, FIG. 1, operates to divert increasing portions
of the engine exhaust to exhaust discharge duct 46, and away
from turbine 20, with increasing wastegate angle as shown
in FIG. 5, which thereby limits the speed of turbine wheel
34, shaft 32, and compressor wheel 30, FIG. 1, to control
compressor discharge pressure, as shown by wastegate lines
110, FIG. 3.

The angles of bypass valve 40 shown in FIG. 4 and
wastegate 44 shown in FIG. 5 are illustrative only and may
vary depending on system configuration. For example, an
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orifice 41, 43, FIG. 1, placed in bypass duct 42 and/or
wastegate duct 45 allows a fuller range of effective angles of
the wastegate and/or bypass valve and therefore decrease
any error resulting from mechanical linkage tolerances.
Further, using differing orifice sizes allows the use of the
same wastegate and/or bypass valve in different engines and
applications, thereby further reducing inventory and elimi-
nating long procurement leadtimes for replacements.

Opening bypass valve 40, FIG. 1, increases mass airflow
through compressor 18 of turbocharger 16, as shown by
bypass curves 112, FIG. 3, by providing an additional route
for compressor airflow to direct airflow into engine exhaust
duct 36, FIG. 1. Opening wastegate 44 decreases intake
compressor discharge pressure by diverting engine exhaust
away from turbine 20 and routing it directly to exhaust
discharge duct 46. As shown in FIG. 3 and previously
described, by simultaneously adjusting the angular position
of bypass valve 40, FIG. 1, and wastegate 44, turbocharger
16 can be controlled to operate within the kidney shaped
islands of efficiency 102, 104, 106 and 108, FIG. 3.

The islands of efficiency 102, 104, 106 and 108 are
common characteristic traits of centrifugal compressors—
the type used in turbocharges—wherein operation within the
center of the islands provide maximum compressor effi-
ciency. It is also known that operating near surge line 84,
FIG. 3, can create pressure waves between turbocharger 16,
FIG. 1, and engine 10 resulting in unstable operation which
can cause engine damage. Therefore, a slight safety factor is
set into the predetermined parameters to operate slightly
right of the center of the islands 102, 104, 106 and 108, FIG.
3.

In twin bank engine configurations (i.e. V-6, V-8, V-10,
V-12, V-16, . . .) two turbochargers 16, FIG. 1, may be used
for providing turbocharged air to engine 10 through inter-
cooler 22. In such an arrangement, one larger bypass valve
40 and wastegate 44 may be used. However, in the invention
of the ’236 patent, two bypass valves 40 and two wastegates
44 are cach arranged as in FIG. 1 and, merge at intercooler
22. A single control module 48, FIG. 2, operates as previ-
ously described controlling both bypass valves 40 with a
single bypass control actuator 70 and both wastegates 44
with a single wastegate control actuator 74. The multiple
turbocharger system operates identically to the single tur-
bocharger system except that consideration must be given
for the mechanical tolerances between the two compressor
wheels and the two turbine wheels. To compensate for such
additional tolerances, it is preferred to operate the turbo-
chargers further right of the center of the efficiency islands
102, 104, 106 and 108, FIG. 3, to avoid engaging the surge
line 84 yet remaining within an island at all times.

Moving to the right of the efficiency islands 102, 104, 106
and 108, FIG. 3, is accomplished by increasing the mass
airflow through compressor 18, FIG. 1, by slightly increas-
ing the angular amount bypass valve 40 is opened, as shown
by bypass curves 112, FIG. 3. The slight increase in mass
airflow through the dual turbochargers offsets any tolerances
due to a mismatch between the compressor wheels and/or
the turbine wheels of the dual turbochargers by keeping a
safe distance from surge line 84, yet maintaining operation
within the efficiency islands. Under some conditions, the
increase in airflow results in a loss of compressor discharge
pressure as shown by bypass curves 112, FIG. 3. This
pressure loss is compensated by decreasing the angular
amount wastegate 44, FIG. 1, is opened. In other words,
decreasing exhaust flow through wastegate 44, will increase
the compressor discharge pressure to compensate for the
pressure loss associated with further opening bypass valve
40.
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An important requirement in carbureted internal combus-
tion engines is to maintain a pressure reserve across throttle
38, FIG. 1. The pressure reserve can be determined by
sensing the pressure on both sides of throttle 38 and sub-
tracting the two sensed pressures to determine a AP which is
considered the pressure reserve. The pressure reserve AP
permits engine 10 to accept greater loads at constant speed
or to accelerate at constant load upon the opening of throttle
38 without hesitation due to the lack of intake manifold
pressure. However, to obtain optimum engine efficiency, it is
desired to maintain throttle 38 in an open position to avoid
blocking energy in the form of airflow into the engine. The
amount of pressure reserve AP across throttle 38 can be
regulated is by controlling the amount of compressor dis-
charge pressure from compressor 18. This is accomplished
by adjusting wastegate 44 to regulate the amount of engine
exhaust through turbine 20 which controls compressor 18
output. By controlling the mass airflow rate through com-
pressor 30, throttle 38 can be opened to a greater angle
thereby obtaining greater engine efficiency by reducing the
exhaust back pressure associated with the higher compressor
discharge pressure, yet maintaining enough pressure reserve
AP to accelerate or accept additional engine loading without
hesitation. This increase in throttle angle also reduces energy
loss across the throttle, thereby increasing engine efficiency.

Another common problem with turbocharged engines
overcome by the invention of the ’236 patent is that the
typical nonlinear throttle angle profile curve 114, FIG. 6,
which is most evident in cold climates, is now more linear,
shown as curve 116, which results in improved throttle
control. FIG. 6 shows the throttle angle versus brake mean
effective pressure graph for an exemplary 1,000 rpm engine
speed. Prior to the invention of the ’236 patent, as an
increasing load is applied to the engine, for example 0to 210
psi BMEP, as shown in FIG. 6, the throttle angle must
increase quickly to compensate for turbocharger lag, which
is an inherent condition of turbocharged engines, but once
the turbocharger creates enough compressor discharge
pressure, the throttle angle must be quickly reduced thereby
creating an inflection point 118, FIG. 6. The rapid changes
in throttle angle were required to maintain constant engine
rpm with the increasing compressor discharge pressure.
Once the compressor output reaches a plateau, the throttle
angle must be reduced to compensate for the increased
compressor discharge pressure until the increase in load
overcomes the increase in turbocharger output at which
point the throttle angle must again be increased to maintain
engine speed. However, this erratic nonlinear throttle angle
curve 114 has been extremely difficult to implement with
accuracy. Throttle angle is controlled by a governor (not
shown) and in practice, compensating for turbocharger out-
put with throttle angle results in erratic engine speeds and
surges which are inefficient and undesirable.

The invention of the *236 patent provides stable operation
by creating a more linear throttle angle versus load curve by
simultaneously controlling the function of bypass valve 40,
FIG. 1, and wastegate 44. Throttle angle curve 116, FIG. 6,
is made more linear by adjusting bypass valve 40, FIG. 1.
Exemplary bypass (P) valve angles are shown at test points
120, FIG. 6—for example, to achieve throttle angle curve
116 and pull a load (BMEP) of 125 psi, a bypass valve angle
of 40°(40° BP) will result in a throttle angle of approxi-
mately 42° and at a load of 175 psi, a bypass valve angle of
30° (30° BP) will result in a throttle angle of approximately
46°. However, a byproduct of adjusting bypass valve 40 is
a corresponding change in the pressure reserve AP across
throttle 38, FIG. 1. Adjusting wastegate 44, as previously set
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forth, provides adequate pressure reserve AP as shown in
FIG. 6. At each test point 120, the amount of pressure
reserve AP is shown in inches of Mercury, Hg. At lower
engine load conditions greater amounts of pressure reserve
AP are required to allow additional load acceptance without
hesitation. Opening wastegate 44 results in lowering the
pressure reserve AP. At the upper load end of FIG. 6, a
decreasing reserve AP is preferred because in this instance,
the engine is at or near its rated loading capacity and little
additional load would be permitted and therefore less pres-
sure reserve is needed to maintain proper engine control, and
a lower reserve AP provides more efficient operation, as
previously described. For example, an engine rated at 190
psi BMEP, ad is the case in FIG. 6, a pressure reserve AP of
approximately 12-14 inches of mercury is required at 125
psi BMEP, whereas, 5-7 inches of mercury is sufficient at
210 psi BMEP. Similar results can be achieved at various
engine speeds, ambient temperatures and barometric pres-
sures.

As shown in FIG. 5, when engine speed is reduced at
constant load (i.c. constant intake manifold pressure), the
wastegate angle is reduced which increases throttle reserve
AP and provides more torque from the engine with lower
speed than in previous speed insensitive systems which
would lose intake manifold pressure at lower speeds result-
ing in decreased torque output. FIG. 5§ discloses efficient
wastegate angles for each particular engine speed to achieve
a desired intake manifold pressure and pressure reserve AP.

FIGS. 7 and 8 are taken from FIGS. 1 and 2, respectively,
of the *047 patent and schematically illustrate two versions
of industrial internal engine systems 210 having a turbo-
charger 212 and a wastegate valve 214 which are controlled
in a manner known in the art. In particular, FIG. 7 illustrates
a system with a standard wastegate control otherwise known
as a maximum boost regulator, and FIG. 8 illustrates a
system with a fixed AP control (i.e. a fixed throttle pressure
reserve control).

In FIG. 7, an engine 210 includes an intake manifold 216
and an exhaust manifold 218. Exhaust discharges from the
exhaust manifold 218 through an exhaust manifold dis-
charge duct 220, and flows to the turbocharger 212. The
turbocharger includes a turbine 222 and a compressor 224.
The engine exhaust passes through the turbocharger 212 into
an exhaust outlet duct 226.

Ambient air inputs the compressor 224 through an air
intake duct 228. An air cleaner (not shown) is normally
located in the air intake duct 228. Since the ambient air
inputting the compressor 224 is drawn through an air
cleaner, the air in intake duct 228 is normally under a partial
vacuum. Energy in the exhaust gases flowing through the
turbine 222 drives a turbine wheel 230, which in turn drives
a shaft 32 to drive a compressor wheel 234. The compressor
wheel 234 compresses (i.e. pressurizes, turbocharges, or
boosts) the ambient air flowing to the compressor 224
through air intake duct 228, and pressurized intake air
outputs the compressor 224 in compressor discharge duct
236. The pressurized air in compressor discharge duct 224 is
forced through an intercooler 238 that functions as a heat
exchanger to remove excess heat from the turbocharged
intake air. The turbocharged intake air is then channeled
through a carburetor 239, a throttle 240, and the intake
manifold 216 to engine 210.

The carburetor 239 is typically located between the inter-
cooler 238 and the throttle 240. Fuel is mixed with the
compressed air within the carburetor 239, and the fuel-air
mixture then flows to the throttle 240. In large industrial


















