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(57) Abstract

An engine crankshaft speed signal comprising pulses produced by a toothed wheel (17) and a sensor (41) is monitored to
develop instantaneous power output vector signals, one for each engine cylinder (12-15). Engine knock is detected by comparing
actual variations in each cylinder power output vector signal with expected variations. Each power output vector signal is multi-
plied by different first and second weighted vector signals to provide first and second scalar signals (47, 48) indicative of cylinder
performance with respect to first and second different cylinder performance criteria, respectively. These scalar signals are com-
pared to each other for use in balancing cylinder power by adjusting the fuel delivered to each individual cylinder. The individual
cylinder power output vector signals, by use of the different weighted vector signals, allow detection of several different faults for

each cylinder.
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SYSTEM FOR MONITORING AND CONTROLLING ENGINE PERFORMANCE

Background of the Invention

The invention relates generally to the field of
systems which monitor and/or control multiple cylinder
engine performance.

It is known that detection of engine knock is
desirable such that engine operating parameters can be
adjusted to avoid such a condition. Generally, knock
detection is accomplished in accordance with the output
of one or more special sensors designed specifically to .
detect engine knock. Some of these sensors detect knock
by virtue of detecting audible knock sounds or vibrations
produced by the engine in a single sensor. Other knock
sensors detect abnormal engine cylinder pressure
variations in each cylinder. Providing one or more
additional knock sensors to an engine system results in
increasing the complexity and cost of such engine
monitoring/control systens.

Some prior systems have proposed that a specific
type of engine cylinder failure can be detected by
detailed analysis of the instantaneous engine crankshaft
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speed signal produced in Tesponse to each cylinder's
power cycle. In such systems, apparently a certain
portion of the engine crankshaft speed signal is
monitored during an associated power cycle of each
cylinder to create an instantaneous cylinder associated
speed vector signal. By comparing the variations
produced in the speed vector signals to some type of
reference criteria an indication of a single fault, such
as engine misfire, can be achieved. However, these ,
systems do not discuss how it is possible to use such a
system to determine engine knock or any other type of

engine cylinder fault or undesired engine cylinder
performance.

' One prior engine control system recognized that it
is desirable to adjust fuel to individual engine
cylinders so as to obtain power balancing between these
cylinders such that each cylinder contributes
approximately the same power with respect to driving the
engine crankshaft. In this system, the engine crankshaft

'speed was measured at a certain position of each cylinder

power cycle during an engine idie speed mode. The
measured crankshaft speed was then compared with the
known desired engine idile speed, and fuel to each of the
cylinders was adjusted in an attempt to have each engine
cylinder achieve the same desired idle speed crankshaft
speed at the power cycle position at which the crankshaft
speed was measured. Such a system which uses a known
desired engine speed would apparently not be usable at
conditions other than the engine idle speed mode where

the desired crankshaft speed was known. Also, in such_a

system the balancing of individual cylinder power might
run contrary to other engine performance criteria, such
as maintaining the average amount of fuel consumed at a
predetermined level to reduce engine pollutants in the

<)
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exhaust. Thus, the functions of maintaining engine
exhaust pollutants below a maximum permissible level and
implementing balanced engine cylinder power might not be
readily achieved in the prior system.

Summary of the Invention

An object of the present invention is to provide an
improved system for monitoring and/or controlling
multiple cylinder engine performance which overcomes one
Or more of the above-noted deficiencies of prior engine
systems.

In accordance with one feature of the present
invention, individual cylinder-associated power signals
are generated. These signals are then multiplied by
various different weighting factors, preferably by a
microprocessor, such that different cylinder-associated
product signals are produced in association with each of
the individual cylinders. By comparing the individual
Cylinder-associated product signals produced in
accordance with a first weighting factor to some
reference level, each cylinder's performance with respect

"to a first performance criteria, such as whether or not

25

30

35

engine knock is present, could be determined. The use of
these same individual cylinder power signals multiplied
by a second weighting factor can produce product'signals
which, when compared with a different reference level,
can determine whether or not each engine cylinder's
performance is satisfactory with respect to a second
performance criteria such as the generation of equal
power or torque to be transferred to the engine
crankshaft, or if there is a misfire in any engine
cylinder or if any engine cylinder has insufficient
compression. Thus, by merely utilizing different
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weighting factors for multiplying the individual
‘cylinder-associated power signals, a plurality of
different performance and fault criteria can be
established for monitorlng the operation of each of the
5 engine cyllnders. Preferably the cylinder power 51gnals
are vector signals which vary over the cylinder power
cycle, the weighting factors comprise weighting vector
signals, and the product signals comprise scalar signals.

10 In accordance with another feature of the present
invention, the individual cylinder-associated power
signals are compared to each other so as to determlne if
there is a power mlsmatch between the power produced by
each of the engine cylinders. To achieve cylinder powver

15 balancing, the amount of fuel being delivered to the

~ individual cylinders is then adjusted to obtain cylinder
power balancing. This is readily achievable regardless
of whether or not the engine is operating in the idle
speed mode since the engine cylinder power signals are

20 compared against each other rather than against any
predetermlned reference level

Accofding to another feature of the present

invention, individual cylinder power associated signals

25 are used to adjust cylinder power balance by adjusting

- the amount of fuel delivered to each of the cylinders in
accordance with such power signals. However, a
maintaining means is provided which insures that the

7 average amount of fuel dellvered to all of the cylinders:

30 prior to a cylinder power balancing adjustment is
essentially the same as the average fuel provided to the
cylinders after the cylinder power balancing adjustment.
In this manner, if the average amount of fuel to the
cylinders is controlled in accordance with a

35 predetermined desired engine criteria, such as
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maintaining the level of sensed oxXygen in the engine
exhaust at or below or above a certain level, engine
cylinder power balancing can be achieved either without
disturbing this criteria or at least taking this criteria
into account when determining the power balancing
adjustment.

An additional aspect of the present invention
involves detecting engine cylinder knock without the use
of any specifically-designated engine knock sensor.
According to this aspect of the present invention, the
pulses of the engine crankshaft speed signal are utilized
and predetermined portions of this speed signal are
monitored in association with and during expected power
cycles of each of the engine cylinders and prior to the
next expected engine cylinder power cycle. The
variations in the monitored portions of the engine speed
signal are then effectively compared with expected
variations of such a signal which would be prbduced when
knock is present. 1In response to this comparison, an
engine knock indicative signal is produced. More
specifically, the time durations between pulses produced
by a toothed wheel, rotated by the engine crankshaft, and
an associated toothed wheel sensor are monitored.
Variations in these between pulse durations are utilized
to determine if engine knock is present in any of the
engine cylinders.

All of the above features of the present invention
can be better understood by reference to the following
more-detailed description of the present invention which
illustrates the structure and additional advantages of
the present invention.
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Brief Deécription of the Drawings

For a more complete understanding of the present

invention; reference should be made to the drawings, in
which: '

FIG. 1 is a schematic diagram illustrating an engine
performance monitoring/control system constructed in

accordance with the present invention;

FIG. 2 is a graph showing a typical relationship
between individual cylinder power output and the air fuel
ratio mixture delivered to the cylinder;

FIG. 3 is a graph illustrating toothed wheel sensor
pulses produced by a portion of the system shown in FIG.
1; | :

FIG. 4 is a graph illustrating the time between

~engine tooth pulses produced by the system shown in FIG.

1 and the occurrences of specific engine tooth pulses;

FIG. 5 is a schematic diagram illustrating
individual cylinder power vector signals, arranged in an
arxay,'along with knock and bower weighting vector
signals also arranged in an array, FIG. 5 also ,
illustrates the product scalar signals, arranged in
arrays, which result from multiplying the power and
weighting vector signals;

FIGS. 6a, 6b and 7 are schematic diagrams

 illustrating flow charts representative of the operation

of the monitoring/control system shown in FIG. 1; and
FIGS. 8A-8C comprise three graphs which illustrate
variations in tooth period as a function of the
occurrence of a specific tooth pulse for both normal
operation and three different types of cylinder

performance faults which can be detected by the present

invention.

<
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Description of the Preferred Embodiment

FIG. 1 illustrates a system 10 for monitoring and/or
controlling the performance of an engine 11 (shown in
dashed schematic form in FIG. 1) which has four separate
cylinders 12 through 15 each of which sequentially
provides driving force power to rotate an engine
crankshaft 16 about its axis 16A. Rotated in synchronism
with the engine crankshaft 16 is a toothed wheel 17
(rotary member) 17 having a rotational axis 18 which is
coincident with the rotational axis 16A of the crankshaft
16. In FIG. 1, for purposes of clarity, the toothed
wheel 17 is shown separated from the crankshaft 16 and in
planar rather than side view. The toothed wheel includes
a number of outer peripheral teeth 19 wherein preferably
there are 39 equally-spaced teeth and one missing tooth
location for a total of 40 effective equally-spaced
teeth. Each of the cylinders 12 through 15 essentially
generates a power cycle during which fuel provided in the
cylinder is compressed, and then combustion of the fuel
is commenced to provide suitable rotary driving force to
the crankshaft 16 and toothed wheel 17. As indicated in
FIG. 1, the resultant effect is clockwise rotation of the
toothed wheel 17 about the axis 18.

In FIG. 1, each of the four cylinders 12 through 15
is shown as having associated with it a fuel injector 20
through 23 and a fuel metering valve 24 through 27,
respectively. A fuel supply 28, comprising a
conventional engine gas tank and fuel pump, is connected
to each of the fuel metering valves 24 through 27.
Essentially, each of the fuel injectors 20 through 23
receives a control signal from an engine control computer
30, shown in FIG. 1, and each of the fuel metering valves
24 through 27 also receives a separate associated fuel
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metering control signal from the control computer 30. In
response to the fuel injector control signals, which are
provided by the computer 30 at terminals 31 through 34,
the fuel injectors 20-23 are selectively opened to
provide a premeasured amount of fuel into the associategd
cylinders 12 through 15. The amount of fuel being
provided is determined by fuel metering control signals
which are provided by the computer 30 at terminals 35
through 38 which are directly connected to control input
terminals of the fuel metering valves 24 through 27. 1In
essence, the engine control computer 30 determines how
much fuel will be injected into the cylinders by separate
associated fuel metering cohtrol signals, and the
computer 30 determines when this fuel will be provided to
the cylinders by the fuel injection signals at the
terminals 31~34 which control the fuel injectors 20-23.
U.S. patent no. 4,782,809, to Kotowski and Barylak and 7
assigned to the same assignee as the present invention,
illustrates one such system.

All of the above—described features of the present

~ invention are conventional and well understood by those

of skill in the art. The fact that one of the teeth on
the toothed wheel 17 is missing indicates the occurrence
of a reference cyiinder top-dead-center position.
Actually a missing tooth detection indicates the
occurrence of top-dead-center position for one of two
different cylinders because the crankshaft is rotated
twice for each complete engine cycle, assuming a four
stroke engine. The missing tooth detection will be
combined with information from a camshaft sensor to
determine top dead center for a single reference
cylinder. This operation is conventional and well
understood. If the engine is a two-stroke engine,
additional camshaft information is not needed since the
crankshaft rotates once for each complete engine cycle.
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The engine control computer 30 will recognize this
occurrence and initialize the computer so as to establish
the proper sequential injection of fuel into the
cylinders 12 through 15 and the proper ignition of this
fuel at a predetermined desired time for the initiation
of fuel combustion. This fuel combustion can be
implemented by having the fuel start combustion at a
predetermined engine cylinder power cycle position due to
compression of the fuel, as in a diesel engine, or by the
generation of a spark occurrence signal provided by the
engine control computer 30 to a spark plug (not shown)
associated with each of the cylinders. In either event,
the computer 30 controls when the fuel is injected and
how much fuel is injected by the individual cylinder fuel
control signals produced by the computer.

Two primary input signals received by the engine
control computer 30 relate to (a) the precise angular
rotational position of the crankshaft 16 and (b) the
amount of pollutants in the exhaust provided by the
engine 1l1. For sensing exhaust pollutants, an oxygen
(O2) sensor 40 is provided which provides an
oxygen-sensing input signal to the computer 30. With
regard to sensing proper angular rotational position of
the crankshaft 16, which directly corresponds to
predetermined power cycle positions of a piston in each
of the cylinders 12 through 15, a reluctance, Hall effect
or optical sensor 41 is provided which senses the passage
of each of the teeth 19 on the toothed wheel. The sensor
41 produces corresponding pulses which are received by
the computer 30. 1In general, the engine control computer
will determine when the missing tooth of the toothed
wheel 17 occurs and then synchronize its operation to
control the sequential supplying of the fuel to the
cylinders 12 through 15 in the proper sequence and at the
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proper time in accordance with the occurrence of the

toothed wheel pulses provided by sensor 41. This type of
operation, as previously described, is conventional. In
addition, the engine control computer 30, in response to
the level of pollutants in the exhaust, as sensed by the

-sensor 40, effectively compares the sensing signal

provided by the sensor 40 to a reference level. The
computer 30 then provides one input to what essentially
comprises a fuel-mix control apparatus 42 within the
engine control computer 30 that generates the fuel

injection and fuel metering control signals produced by
the computer.

The fuel-mix control apparatus 42 in computer 30
also will receive an additional input at a fault
detection terminal 43, which input indicates whether or
not knock is present in any cylinder and also indicates
which cylinder knock is present at. While shown as only
a single terminal in FIG. 1, obviously terminal 43 can
comprise four separate terminals. Similarly, the
fuel-mix control apparatus 42 receives fault information
from a fault terminal 44 which indicates which, if any,

~of the cylinders 12 through 15 is experiencing misfire,

which is defined herein as the lack of any initial fuel
combustion during the expected power cycle of a cylinder.
Additional inputs received by the fuel-mix control
apparatus 42 relate to which if any of the cylinders 15
have low compression and which cylinders are providing
more or less power to the crankshaft 16. In response to
all of these inputs, including the occurrences of the
toothed wheel pulses provided by sensor 41, the fuel-mix
control apparatus 42 determines the appropriate amount of

fuel to be provided to the cylinders 12 through 15, as
-well as determining the appropriate time for applying

thie fuel. Essentially, the fuel-mix control apparatus

Ll
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42 represents the internal programming of the engine
control computer 30 to implement desired system
monitoring and control of the engine 11. This will be
more fully explained subsequently.

FIG. 1 illustrates that within the engine control
computer 30, there exists a number of different memory
locations 45 for storing data which will be used by the
fuel-mix control apparatus 42 in determining the amount
of fuel to be provided to each of the cylinders 12
through 15. The memory 45 includes a first memory
location 46 for storing an array of individual cylinder
instantaneous speed/tooth period data. This data is
stored as individual cylinder associated vector signals.
In addition, a memory location 47 stores an array which
indicates the relative power performance of each of the
individual cylinders. A memory location 48 stores an
array of data which is indicative of which of the
cylinders is experiencing knock. A memory location 49
stores at least two different arrays, and preferably
more, which essentially comprise weighting vector signals
that will be used as multipliers for the speed/tooth
period vector signals provided in the memory location 46.
The memory 45 includes all of the locations 46-49. The
manner in which the fuel-mix control apparatus 42
utilizes the data/signals stored in the memory 45 will be
explained subsequently.

In addition to the structure of the engine control
computer 30 shown in FIG. 1, preferably for spark
ignition engines, the engine control computer 30 will
also react to the tooth pulses produced by the sensor 41
and control the occurrence of spark ignition of fuel in
the cylinders 12 through 15. This is in addition to the
occurrence of the tooth pulses determining fuel injection
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occurrence. This spark control function is conventional
and occurs not only in accordance with the occurrence of
the tooth pulses but also in accordance with many other

7 engine variables such as engine coolant temperature,
' whether or not the engine is in an idle speed mode, the

sensed engine vacuum and many other engine variables.
While these engine spark and fuel injection timing
control functions are conventional, the significance is
that the tooth position sensor 41 is already provided by
most prior engine control syetems to assure proper timing
of control signals generated by the engine control
computer 30. The present apparatus discloses an
addltlonal use of these tooth pulses (a) to detect engine

' knock, without the use of an additional knock sensor, (b)

to detect the occurrence of many different
cylinder-associated faults which may occur and to provide
appropriate engine performance correction control, (c) to
detect any imbalance in the amount of power provided by
each of the cylinders 12 through 15 to the crankshaft 16
and take appropriate corrective action, and (d) to take
such corrective action to achieve cylinder power balance

‘while maintaining a predetermlned average amount of fuel

being delivered to the cylinders so as to maintain an
acceptable level of engine exhaust pollutants. The
manner in which this is accompliehed by the present
invention can best be understood by reference to the
following description which further illustrates the
operation of the'present control/monitoring system 10.

Referring now to FIG. 2, a typical plot of
individual engine cylinder power output versus air/fuel

- ratio mixture is provided. When the engihe 11 is run in

a normal condition, the air/fuel (A/F) ratio is
maintained at a level designated as X. From the graph
shown in FIG. 2, it ie apparent that by adjusting the
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air/fuel ratio, the power produced by any individual
cylinder can be adjusted to some extent. This property
is what is utilized by the engine control computer 30 to
adjust the cylinder power to obtain balance between the
power produced by each of the cylinders 12 through 15.
While providing balance between the power produced by
each of the cylinders has been accomplished in other
systems, it has not been accomplished in the manner
suggested by the present apparatus such that either this
power balancing can occur while the average amount of
fuel provided to the cylinders is held constant and/or
power balancing is implemented for engine operation modes
other than an engine idle speed mode.

Referring to FIG. 3, a typical waveform for tooth
detection pulses produced by the sensor 41 is illustrated
wherein the vertical axis represents aﬁplitude and the
horizontal axis represents time. Essentially, in
response to the passage of each of the teeth 19, a
separate pﬁlse 50 is produced. The frequency at which
these pulses 50 are produced is related to the
instantaneous speed of the engine crankshaft 16 and
toothed wheel 17. Thus, the time period between the
occurrence of leading edges 50A of the pulses 50 is a
measure of the instantaneous speed of the crankshaft 16
produced in response to the driving force provided by the
cylinders 12 through 15. As is known, each of the
cylinders 12 through 15 essentially has a power cycle in
which (a) fuel in each of the cylinders is first
compressed by movement of a piston within the cylinder,
(b) initial combustion of the compressed fuel is then
commenced, and (c) then during a power stroke of the
piston, the cylinder provides driving force movement to
the crankshaft 16. Each of the cylinders 12 through 15
has such a power cycle which, for the system 10 in FIG.
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1, cerresponds to the occurrence of teeth 1 through 10
for cylinder 12, teeth 11 through 20 for cyllnder 13,
teeth 21 through 30 for cylinder 14, and teeth 31 through
40 (the missing tooth) for cylinder 1s5.

Referring now to FIG. 4, a graph representative of
the instantaneous measured tooth period (time between
tooth pulses 50) for the cylinders 1 and 2 is illustrated
versus the time occurrence of the tooth pulses
corresponding_te the teeth 1 through 20. It should be
noted that while the vertical axis is representative of
tooth period, clearly, since the time period between
tooth pulses is inversely proportional to crankshaft
rotary speed, FIG. 4 is also a graph representative of

the inverse of engine speed versus tooth detection
occurrence.

With regard to the occurrence of the tooth
detections 1 though 4, FIG. 4 illustrates that the tooth
pefiod increases between tooth detections 2 through 5,
and this corresponds to the compression cycle of fuel
during the cylinder 12. The detection of tooth 5
generally corresponds to the top-dead-center position of
the piston in cylinder 12. As the fuel is compressed,
prior to ignition or initial fuel combustion, the
instantaneous speed of the crankshaft 16 is slowed since
the cylinder 12 provides no driving force. It is assumed

‘that at, or slightly before, the occurrence of the

detection of tooth 5, initial combustion of the fuel in
cylinder 12 will occur. This results in the tooth
periods decreasing between tooth detections 5 through 10
as a result of the'power being transferred from the
cylinder 12 to the crankshaft 16. This corresponds to an
increase in the instantaneous crankshaft speed 16.
Between the tooth detections 10 through 20, the process
is repeated for the second cylinder 13.

o)
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The present invention has recognized that the
variations in tooth period represented by the graph in
FIG. 4 correspond to a measurement of the instantaneous
power produced by each of the cylinders, and that by
measuring this instantaneous power, and producing a
vector signal corresponding to the tooth periods shown in
FIG. 4, individual instantaneous crankshaft power signals
can be produced which are associated with and generated
during the power cycle of each of the cylinders 12
through 15. The present invention then utilizes these
instantaneous power signals to provide a number of
desirable results.

Referring to FIG. 5, the contents of the memory 45
in the engine control computer 30 is illustrated in
general form. 1In the memory location 46, it was stated
that an array of cylinder-associated speed/tooth period
data was contained. As seen in FIG. 5, each of the
cylinders 12 through 15, is represented by an associated
vector signal (Cl2 to Cl15) comprising one of the rows Cl2
to C15 in FIG. 5 which make up a four-by-ten array in
memory location 46. The rows/vector signals Cl2 to C15
comprise, respectively, the tooth periods T; through
Tio for cylinder 12, T3;; through T;g for cylinder
13, Ta3 through T3g for cylinder 14, and Ti;
through T40 for cylinder 15. The composite four-by-ten
array in location 46 comprises the tooth periods which
exist during the power cycle of each of the cylinders.
Each of the vector signals Cl2 to Cl5 is actually a
measure of the instantaneous power attributable to each
of the cylinders 12-15, respectively, due to its power
(compression and fuel combustion) cycle. The memory
location 49 was stated to contain arrays of
vector-weighting multiplier signals. 1In FIG. 5, a
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,knock-weightlng signal K is stored in memory location 49A

as a column of weighting signals K; - Kjp associated
with the ten tooth periods sampled for each of the _
cylinders 12 through 15. Similarly, a power-weighting
vector signal P is stored in location 49B as a column of
weighting multipliers P; - Py for the ten sampled

tooth periods. The locations 49A and 49B make up memory
location 49.

It is contemplated that the instantaneous power
signal for cylinder 12, which signal in FIG. 5
corresponds to row/vector signal €12, will be multiplied
by the knock-weighting multiplier vector K. The
multiplication of these two vector signals results, as is
known in the mathematics art, in a scalar product signal
corresponding to cylinder 12. The scalar product s1gnal
is T1K; + T2K3...+ TioK1g. Scalar product
signals are also formed corresponding to cylinders 13, 14
and 15. Memory location 47 stores a column array of
these resultant scalar product signals wherein typlcal

numerical values have been 1nserted into this array in
FIG. 5.

It is contemplated that the knock-weighting
multipliers K; through Kio are selected to provide
the appropriate weight to the tooth periods such that any
excessively large or small scalar number in the array 47
will be indicative of the presence of knock in an
associated one of the cylinders 1 through 4. This can be
achieved by comparing each of the knock-related scalar
numbers in array 47 either to a predetermined reference
level or to another one of the knock-related scalar

- numbers in array 47, or both. Similarly, the

power-weighting multiplier vector signal P, when
multiplied by the array of the cylinder tooth-period
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signals C;; through Cj5, results in a cylinder power
scalar array stored in column form in the memory location
48. Again, the typical numbers are inserted in FIG. 5,
with such numbers indicative of the relative power being
transferred to the crankshaft 16 by each of the
cylinders.

The preferred manner and sequence in which the
multiplication of the instantaneous power output vector
signals Cy; through C;5 by the weighting multiplier
vector signals K and P will be described subsequently in
connection with the flow charts illustrated in FIGS. 6
and 7. These flow charts also illustrate how the present
system utilizes this information to adjust the fuel being
delivered to each of the cylinders so as to implement
power balancing between the cylinders, and how the
present system corrects individual cylinders with respect
to detected faults and/or provides an indication of the
existence of such faults. FIGS. 8A through 8C illustrate
tooth-period variations corresponding to those shown in
FIG. 4, but wherein these tooth period variations exist
for various types of different faults to be detected by
the present system.

Referring now to FIGS. 6a and 6b, a flow chart 50
for the engine control computer 30 is illustrated. The
flow chart commences at a step 51 at which an
identification of a reference cylinder top-dead-center
position is implemented. This corresponds to the
computer 30 detecting the occurrence of the missing tooth
40 of the toothed wheel 17 which corresponds to a
top-dead-center (TDC) piston position for one of the four
cylinders 12 through 15. This assumes, for a four-stroke
engine, that the computer 30 also receives additional
camshaft sensor information. The identification of TDC
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for the reference cylinder results in initializing the
sequential operation of the engine control computer 30 so
that fdel and spark will be provided to the various
cylinders at the proper times.

From process block 51, control passes to a summing
terminal A and then on to a process block 52 during which
the computer 30 calculates the tooth periods between the
occurrence of tooth pulses associated with each of the
cylinders. This essentially corresponds to the computer
30 measuring the time durations between the occurrence of
each of the teeth 1 through 40 and creating the
tooth-period vector signals to be stored, as an array,
in memory location 46 in FIG. 5. This storage in the
memory location 46 is achieved by a next process block
53. Then, a process block 54 calls up a desired (and in
this case a preferred powered mismatch detection) stored
weighting column vector signal P. This corresponds to
the computet 30 calling up the weighting vector signal P
for use by a subsequent process block 55 which will
multiply the vector signal P by each of the vector
signals Cj; through C;5 to form scalar bower transfer
product signals associated with each of the four
cylinders. These are stored as an array, also per the
process block 55, in the memory location 48 indicated in
FIG. 5. Then, process block 56 calls another weighting
column veétor signal K related to the detection of knock,
and a subsequent process block 57 results in creating the
scalar cylinder knock product signals stored in memory
location 47 shown in FIG. 5. '

It should be noted that when multiplying the vector
signal C; by a vector weighting, such as P, for
example, this results in essentially the pairing up of
the products T;P;, T3Pz, T3P3, etc. Then,
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these products are summed to provide the scalar product
signal corresponding to cylinder 12 which is stored in

one of four memory locations comprising memory location
48. Thus, after the process step 57 of the flow chart

50, all of the information in the memory locations 45,

generally as indicated in FIG. 5, has been‘created and

placed into the appropriate memory locations.

After the process step 57, the computer 30
implements a process step 58 in which each of the
cylinder-associated scalar product signals stored in the
memory location 47 is compared to either a predetermined
reference level or to each other. By selection of an
appropriate weighting multiplier signal K, the existence
of knock in any one of the cylinders 12 through 15 can be
determined by whether or not the scalar signal (number)
associated with a cylinder in the memory location 47 is
above or below a predetermined threshold level indicative
of knock. This is because, as will be explained with
regard to the graphs in FIGS. 8A-8C, the existence of
engine knock in any one cylinder has a pronounced effect
on the between-tooth-time periods produced in association
with that cylinder such that, by noting abrupt increases
or decreases in between-tooth-time periods after an
expected firing for a cylinder, it is possible to
determine if knock exists. The weighting signal K
emphasizes tooth periods near expected initial fuel
combustion in a cylinder over tooth periods at other
times.

A determination of engine knock is represented by a
decision block 59. If the decision block 59 determines
that knock has not been detected in any of the cylinders,
then the flow chart 50 continues to process block 60
which provides a similar comparison of the signals stored
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in the power output scalar array in memory 48. However,
now in accordance with process block 60, the signals
(scalar numbers) stored in memory 48 are not each
compared to a predetermined reference level, but are
5 compared to one another. This comparison of the output
power of one cylinder to the output power of another
cylinder eliminates the need for knowing how much power a
specific cylinder is expected to generate. In addition,
it is not necessary to know what the desired engine
10 crankshaft speed is, so the present system can be
operative in modes other than the engine idle speed mode
where the resultant desired engine speed is known.: By
comparing the individual cylinder scalar power numbers in
memory 48 to one another, it can be determined if there
15 is a power mismatch between the various cylinders, and
this is represented by a decision block 61. TIf no power
mismatch has been,determined, because the scalar numbers
do not sufficiently differ from one another by a
predetermined threshold amount, then contrcl'passes to a
20 summing terminal B and then on to a standard engine
control subroutine 62 which implements control of fuel
~ injection and spark ignition in accordance with the
- parameters of the engine 11. Subsequently, control
~passes from the process block 62 back to the summing
25 terminal A for the next calculation of time periods
between each of the detected teeth 1 through 40.

If decision block 59 determines that knock exists
for any of the CY1inders or decision block 61 determines
30 that a power mismatch exists, control passes to a summing
terminal C. After this summing terminal C, control
passes to a process block 63 during which it is
bontemplated,that the computer 30 will now call up
numerous other weighting vector signals stored in

35 additional portions of the memory 49 to essentially -
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determine all possible cylinder faults which may exist.
It should be noted that even without the process block
63, the present invention has already providea for
determining two different types of cylinder faults, the
existence of knock or a power mismatch, by use of the
same instantaneous power output signals Ci2 through

Ci5 contemplated by the present system 10. Thus, one
advantageous feature of the present embodiment is that
different individual cylinder faults can be determined by
using the same instantaneous power output signals

C12-C15 and merely calling up different weighting

vector signals for appropriate multiplication with regard
to the power output vector signals in memory location 46.
Thus, when generating a scalar signal (number) related to
knock, it may be desirable to heavily weight the
between-teeth periods which occur immediately prior to
and after an expected initial occurrence of fuel
combustion, which in FIG. 4 is assumed to occur at the
fifth and fifteenth tooth corresponding to the firing
indications of F; and F, for the cylinders 12 and 13.
However, when determining the total amount of power
transferred from one cylinder to the crankshaft, it may
be more significant to more heavily weight the tooth
periods occurring somewhat after the firings F; and

Fp such as the tooth periods T; and Tg and Ty

and T3g, as well as the amount of change between these
tooth periods to get a proper, more accurate measurement
of the amount of power being generated by each cylinder.

The process block 63 has now determined all of the
possible cylinder faults which may exist by calling up
various other weighting vector signals for multiplication
with regard to the instantaneous cylinder power output
vector signals Cj;; through C;5. The process flow
then proceeds to process block 64 which is indicative of
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the engine control computer 30 calculating new fuel

- metering control signals*needed to take corrective

action. This involves having the fuel mix control
apparatus 42 calculate new fuel metering control signals
to be applied at the terminals 35 through 38 to provide

for adjusting the amount of fuel being provided to each

of the cylinders 12 through 15. These signals have
relative magnitudes that would be needed so as to achieve
cylinder power balance by adjusting each cylinder's power
so that it more closely matches that of other cylinders.
The amount of adjustment needed for the fuel metering
signals is determined by relative comparison of the
cylinder power performance signals (numbers) in memory

‘location 48. The cylinder power characteristic in FIG. 2

indicates how adjusting cylinder fuel can be used to
adjust cylinder power output. Thus cylinders providing
either too much or too little power will have new fuel
metering signals calculated so as to achieve power
balance. 1In addition, process block 64 may also try to
adjust cylinder power by altering the spark timing for
the ignition of fuel in the cylinders 12 through 15 if
the engine 11 is a non-diesel engine.

However, prior to implementing any new fuel metering
signals at terminals 35-38, control passes from block 64
to block 65 which calculates the average (Anew) of the

" new fuel metering control signals and the average (Aold)

of the old (prior) fuel metering control signals at the
terminals 35-38. Block 65 creates a correction factor
(CF) equal to the ratio of the old average to the new
average: CF = Aold/Anew. Then control passes to process
block 66 which implements new fuel metering control
signals at the terminals 35-38 wherein each new fuel
metering signal is the product of the desired calculated
fuel metering signal for a cylinder and the correction
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factor CF. In this manner the average of the new fuel
metering control signals at terminals 35-38 will equal
the old average Aold. Thus, while block 66 achieves a
power balance correction, the average fuel delivered to
all of the cylinders is not changed. This is significant
since the level of pollutants in the engine exhaust is a
function of the average amount of fuel delivered to the
cylinders. As shown in FIG. 7, this average fuel level
is controlled to insure minimum pollutants. A feature of
the present embodiment is that this pollution control
will be maintained while also implementing power
balancing. Other power balancing systems did not insure
that the pollution level did not change as a function of
power balancing.

The process block 67 represents taking corrective
action, other than changes in fuel metering, in response
to specific detected engine cylinder faults by modifying
engine control signals. It is contemplated that if the
present system identifies a cylinder as having a power
mismatch, and no other faults exist, then this results in
process blocks 64-66 generating a new set of fuel
metering control signals at the terminals 35 thfough 38.
If the present invention determines that knock exists,
and no other fault exists, then, for a non-diesel engine,
corrective action such as altering the occurrence of
spark ignition, either on a cylinder-by-cylinder basis or
as a uniform adjustment to all spark timing, can be
implemented, as it is conventionally done, to avoid the
occurrence of knock. Process block 67 corresponds to
such a non-fuel metering signal correction.

Control passes from block 67 to process block 68
which essentially inquires if the detected fault has been
persistently detected in the past and/or if the detected
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fault is a non-correctable fault by the system 10. In
case a detected fault indicates that one of the cylinders
is not firing and has not fired within the last twenty
expected firings, this can be indicative of a broken
spark plug wire or a clogged fuel port. In such a case,
the engine control computer 30 should provide a visual
fault indication to the operator of the enginé indicating
the existence of this fault, which cylinder is at fault,
and what type of fault has been detected. All of this
information is available by comparison of the different
scalar numbers produced by selecting the appropriate
weighting vector signals and multiplying them by the
vector signals in C;; through C;5 indicative of
individual cylinder instantaneous power. Thus, the
process block 68 will provide an appropriate visual fault
indication. Preferably this is achieved via a visual
fault indicator such as the apparatus 66 shown in FIG. 1.
Control then pésses to the summing terminal B and then on .
to the standard engine control routine 62.

FIG. 7 essentially illustrates a flow chart 70
representative of the standard engine control routine 62.
The chart is entered at an entry location 71 and, after a
number of steps not shown in FIG. 7, arrives at a process
block 72 in which the amount of average fuel to be
delivered to each cylinder is calculated in accordance
with a predetermined engine criteria such as the amount
of depression of the throttle of the engine by the engine
operator. Then, the process flow may take either of two
different paths. A dashed one of these paths comprise
the process block 73 connected between the block 72 and a
summing terminal D. The process block 73, if necessary,
essentially modifies the calculated average amount of
fuel required per cylinder (calculated by block 72) to
obtain a desired oxygen-sensing level in the engine
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exhaust. This is the conventional manner of controlling
pollutants in the engine exhaust by sensing the oxygen
level in the exhaust and controlling average fuel in
accordance therewith. Alternatively, the process flow
between 72 and D may comprise a decision block 74 which
determines if the oxygen level is too high/low at the
present time. If the answer is yes, then process flow
continues to block 75 which modifies the pre-existing
calculated required average fuel per cylinder (calculated
by block 72) so as to reduce the contaminant level sensed
by the oxygen sensor. Then contrel again returns to the

summing terminal D, Essentially, blocks 74 and 75 set up
a pollution threshold before modifying the calculated

average fuel, wherein this threshold is inherent in block
73.

From terminal D, control passes to a process block
76 which implements a new average fuel level for the
engine in accordance with blocks 72 and/or 73 or 74-75.
The easiest way of doing this is to determine the prior
average fuel being delivered and use the new desired
average fuel to create a multiplication factor for the
fuel metering signals at terminals 35-38. This modifies
the average fuel delivery as desired, without changing
the relative proportion of fuel delivered to each
cylinder. Thus, cylinder balance is maintained, even
though average fuel is adjusted. After block 76, some
other process steps may be present, and then the flow
chart 70 will return to summing terminal A in the flow -
chart 50 in FIG. 6 to resume operation.

A key feature of the flow chart 70 is that process
block 76 will essentially provide a servo control loop in
which the amount of pollutants in the exhaust will
control the average amount of fuel delivered to the
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engine. If cylinder balancing is also to be achieved,
then this cylinder balancing will be implemented by
process blocks 64-66. These process blocks calculate new
fuel metering signals so as to achieve chinder balance,
and then alter the magnitude of all of these calculated
signals in accordance with the ratio between the previous
average of the pre-existing cylinder fuel metering

signals and the average of the newly-calculated fuel

metering signals. Thus, the average fuel per cylinder
will be delivered at the level indicated by the pollution
sensing servo control loop in FIG. 7, but the fuel
delivered to each individual cylinder will be balanced in
accordance with the power mismatch data indicated in the
array stored in memory location 48.

Referring to FIGS. 8A through 8C, these FIGS.
indicate typical graphs of tooth period versus tooth
detection occurrence. In dashed form in FIG. 84,
superimposed upon the normal waveform, is the expected
variation of tooth period when there is no ignition of
fuel at the expected fuel ignition point corresponding to
the occurrence of tooth 15. This is indicative of a
misfire or lack of firing of the cylinder corresponding
to cylinder 13. In such a case, the tooth period will
continue to lengthen for tooth periods 16 through 25,
rather than decrease, as expected, due to a speeding up
of the crankshaft.

FIG. 8B indicates, in dashed form, the waveform for
a condition of a weak cylinder being detected for the
engine cylinder corresponding to cylinder 13. 1In this
situation, the amount of power produced by cylinder 13 is
not typical. ,Therefére, the amount of increase in tooth
period after the expected firing at tooth 15 is not as
pronounced as it is for all of the other cylinders. 1In
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other words, there is a slower-than-normal increase after
an expected ignition firing, and this correlates to a
weak cylinder fault condition. This conclusion is
certainly true when each cylinder receives approximately
the same amount of fuel.

FIG. 8C illustrates two dashed waveforms 80 and 81
both of which can be indicative of the condition of
engine knock in cylinder 12. 1In waveform 80, an abrupt
unexpected lengthening of tooth period occurs for
cylinder 12 at the expected firing time around the
occurrence of tooth 5. This is indicative of combustion
of fuel occurring too soon in the engine compression
cycle. After tooth 5, the tooth period will now decrease
because now the inertia of the engine takes over and any
remaining power thrust in the cylinder is now directed in
the proper direction. Curve 81 illustrates engine knock
which exists because fuel combustion has occurred too
late in the cylinder power cycle such that a larger and
more abrupt than normal rate of increase in tooth period
is achieved between the occurrence of teeth 5 and 8.

This again is a condition to be avoided and is indicative
of engine knock.

The present invention contemplates selecting one or
more knock and other fault detection weighting vector
signals for multiplication by the cylinder power (tooth
period) vector signals Cj;3-C3s. This will enable use
of the tooth period signal to detect engine knock and
other faults by detecting differences in the cylinder
tooth period signals. For detecting engine knock, this
involves detecting when the rate of change of the tooth
period signal exceeds either a maximum or minimum rate of
change just after expected initial fuel combustion or
just after top-dead~center piston position. Thus, when
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the knock scalar signals in memory location 17 or above
or below some maximum and minimum thresholds, cais would
indicate knock and indicate which cylinders knock is
occurring in. These threshold levels are measured with

‘respect to a reference level, which may be determined by
the knock’scalar signals.

While we have shown and described specific
embodiments of this invention, further modifications and
improvements will occur to those skilled in the art. All
such modifications, such as expanding the present system
to six or eight cylinders, which retain the basic
ﬁnderlying principles disclosed and claimed herein are
within the scope of this invention.

We claim:
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1. For an engine having multiple separate
cylinders each sequentially providing a driving force to
a common mechanical member, a system for controlling
engine performance comprising:

means for delivering a predetermined average
amount of fuel to all of said cylinders in accordance
with at least a predetermined criteria;

means for monitoring individual cylinder
power performance and developing associated cylinder
power performance signals indicative of each cylinder's
performance in developing power to be transfefred to
said member;

means for correcting the amount of fuel
delivered to each cylinder, which is determined by
cylinder-associated fuel metering control signals, in
accordance with said cylinder-associated power

performance signals, such that each cylinder's
performance is balanced (adjusted) with respect to other
cylinders so that each cylinder's perfofmance more
closely matches that of another cylinder; and

means for maintaining the average amount of
fuel delivered to all of said cylinders at said
predetermined average amount while cylinder power

balancing is achieved by said correcting means.

2. A system according to claim 1 which includes
an engine pollutant sensor for sensing the amount of
pollutants in engine exhaust and wherein said engine
pollutant sensor determines said predetermined criteria
used by said fuel delivering means to determine the
predetermined average of fuel being delivered to said

cylinders.

3. A system according to claim 2 wherein said
maintaining means includes means for effectively

calculating the average of existing fuel metering
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control signals prior to said correction means
implementing any additional fuel correction of such
control signals, said correction means using this
existing average, as well as said cylinder-associated
power performance signals, to calculate new fuel
metering control signals such that the average of such
new fuel metering control signals will match the average
of the previous fuel metering control signals.

4, A system according to claim 1 wherein said
maintaining means includes means for effectively
calculating the average of existing fuel metering
control signals prior to said correction means
implementing any additional fuel correction of such
control signals, said correction means using this
existing average, as well as said cylinder-associated
power performance signals, to calculate new fuel
metering control signéls such that the average of such

new fuel hetering control signals will match the average

of the previous fuel metering control signals.

5. For an engine having multiple separate
cylinders each sequentially providing a driving force to

a common mechanical member, a system for monitoring

and/or controlling engine performance comprising:

_ sensor means for monitoring the position of
said driven member and developing a speed-indicative
signalrindicative of and varying in accordance with the
speed at which said driven member is driven by said
multiplé cylinders;

means for monitoring a predetermined portion
of said speed-indicated signal, said monitored portion
generated in association with and during an expected
power cycle produced by a first one of said cylinders
and prior to an expected next sequential power cycle of
another one of said cylinders; and '
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means for developing a signal indicative of the
occurrence of knock in said first one of said cylinders
by determining when variations of said monitored portion
of said speed-indicative signal match expected
variations of said monitored speed-indicative signal
which exist when knock in said first cylinder is

present.

6. A system according to claim 5 wherein said
knock signal developing means includes means for
determining when the rate of change of said speed-
indicative signal during said monitored portion exceeds
a predetermined threshold rate of change reference

level.

7. A system accordiné to claim 6 wherein said
knock signal developing means includes means for
measuring the rate of change of said speed-indicative
signal at least at a time, during said monitored
portion, generally corresponding to the time after which
initial combustion of fuel in said first one of said
cylinders is expected and comparing said measured rate

of change with said reference level.

8. A system according to claim 7 wherein said
rate of change reference level comprises both a maximum
rate of change level and a minimum rate of change level,
said knock-indicative signal being produced by said
developing means whenever the rate of change of said
speed-indicative signal measured at said time is outside
of the rate of change range defined between said maximum

and minimum rates of change.

9. A system according to claim 6 wherein said
rate of change reference level comprises at least a

maximum rate of speed~increase level which the rate of
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change of said speed-indicative signal during said

monitored portion should not exceed after the occurrence

of top-dead-center power cycle position for said first

cylinder, said monitoring means determining said rate of.
change of said speed-indicative signal for comparison to
said reference level after said top-dead center cylinder
cycle position of said first cylinder.

10. A system according to claim 5 wherein said
driven member corresponds to a rotationally-driven wheel
and wherein said sensor means includes means for
providing pulses whose time occurrence indicates the
occurrence of predetermined rotational positions of said
wheel.

- 11. A system according to claim 10 wherein said
kﬁock-indicative'signal developing means includes means

for measuring the time period between pulse occurrences

for the pulses provided by said sensor means during said
monitored portion of said speed-indicative signal and

noting differences between expected time periods between

~such pulses and actual measured time periods.

12. A system according to claim 11 wherein said

knock-signal developing means includes means for

- creating a speed vector signal having discrete

magnitudes corresponding to the time periods between
pulse occurrences which occur during said monitored
portion of said speed-indicative signal, said vector
signal time periods varying as a function of the power
cycle of said first cylinder.

13. A system according to claim 12 wherein said
knock-signal developing means includes providing a first
weighting vector signal comprising an array of

multiplication factors, said knock-signal developing
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means including multiplying means for multiplying said
speed vector signal by said first weighting vector
signal to provide a resultant scalar product signal
associated with said first cylinder, the magnitude of
said scalar product signal, with respect to a
predetermined reference level, indicative of whether

knock is present in said first cylinder.
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