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FUEL SUPPLY SYSTEM FOR AN INTERNAL
COMBUSTION ENGINE PROVIDING VOLTAGE
COMPENSATED CRANKING ENRICHMENT

The present invention relates to a fuel supply system
for an internal combustion engine. More particularly,
the invention relates to an electronic fuel injection
system for increasing the amount of fuel applied to an
internal combustion engine during cranking.

In a well known electronic fuel injection system, one
or more voltage responsive fuel injectors deposit fuel
within the intake manifold of an engine at a constant
flow rate when energized by the supply voltage of a
power source. The fuel injectors are energized for the
duration of individual control pulses developed in
synchronization with the rotation of the engine. Since
the engine rotation is relatively low during cranking,
the number of control pulses normally produced is
generally insufficient to apply enough fuel to the engine
to insure reliable starting. Further, some of the applied
fuel tends to condense within the intake manifold of the
engine during cold cranking. Accordingly, additional
control pulses are produced during each cranking
period to increase the amount of fuel applied to the en-
gine to facilitate quick starting. Moreover, since the
total fuel condensation decreases as the engine tem-
perature increases, the frequency of the additional con-
trol pulses is varied as an inverse function of the tem-
perature of the engine.

With the previously described electronic fuel injec-
tion system, the engine will ordinarily start quickly dur-
ing a cranking period. However, if for some reason the
energy capacity of the power source is relatively low,
the engine cranking speed is slowed by a corresponding
reduction in the supply voltage. As a result, the engine
is more difficult to start. In addition, if the engine does
not rapidly start, the remaining energy capacity of the
power source is soon depleted. Further, when the
supply voltage is relatively low, the operation of the
voltage responsive fuel injectors is sluggish. Con-
sequently, the amount of fuel applied to the engine to
facilitate starting is effectively reduced. Therefore, en-
gine starting is that much more difficult.

In order to alleviate these problems, the present in-
vention provides an electronic fuel injection system in-
cluding a cranking enrichment circuit which is com-
pensated for variations in the supply voltage of the
power source. According to one aspect of the inven-
tion, the frequency of the additional control pulses
produced during engine cranking is varied as an inverse
function of the supply voltage of the power source. In
another aspect of the invention, the frequency of the
additional control pulses is increased when the energy
capacity of the power source is reduced by a given
amount. As contemplated by a further aspect of the in-
vention, the frequency of the additional control pulses
is increased by a given multiple as the supply voltage
decreases below a minimum acceptable level. Ac-
cordingly, the amount of fue] applied to the engine dur-
ing cranking is increased to facilitate quick starting
when the supply voltage of the power source is relative-
ly low. ‘

These and other aspects and advantages of the inven-
tion will become more apparent by reference ta the fol-
lowing detailed description of a preferred embodiment
when considered in conjunction with the accompany-
ing drawing.
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2
IN THE DRAWING

FIG. 1 is a schematic diagram of an electronic fuel
injection system incorporating the principles of the in-
vention.

FIG. 2 is a schematic diagram of a cranking en-
richment circuit incorporating the principles of the/in—
vention.

FIGS. 3, 4 and 5 are graphic diagrams of waveforms
useful in explaining the principles of the invention.

Referring to FIG. 1, an internal combustion engine
10 for an automotive vehicle includes a combustion
chamber or cylinder 12. A piston 14 is mounted for
reciprocation within the cylinder 12. A crankshaft 16 is
supported for rotation within the engine 10. A connect-
ing rod 18 is pivotally connected between the piston 14
and the crankshaft 16 for rotating the crankshaft within
the engine 10 when the piston 14 is reciprocated within
the cylinder 12.

An intake manifold 20 is connected with the cylinder
12 through an intake port 22. An exhaust manifold 24
is connected with the cylinder 12 through an exhaust
port 26. An intake valve 28 is slidably mounted within
the top of the cylinder 12 in cooperation with the in-
take port 22 for regulating the entry of combustion in-
gredients into the cylinder 12 from the intake manifold
20. A spark plug 30 is mounted in the top of the
cylinder 12 for igniting the combustion. ingredients
within the cylinder 12-when the spark plug 30 is ener-
gized. An exhaust valve 32 is slidably mounted in the
top of the cylinder 12 in cooperation with the exhaust
port 26 for regulating the exit of combustion products
from the cylinder 12 into the exhaust manifold 24. The
intake valve 28 and the exhaust valve 32 are driven
through a suitable linkage 34 which conventionally in-
cludes rocker arms, lifters, and a camshaft.

An electrical power source is provided by the vehicle
battery 36. An ignition switch 38 connects the battery
36 between a power line 40 and a ground line 42. When
the ignition switch 38 is closed, the battery 36 applies a
supply voltage to the power line 40. A conventional ig-
nition circuit 44 is electrically connected to the power
line 40 and is ‘mechanically connected with the
crankshaft 16 of the engine 10. Further, the ignition
circuit 44 is connected through a spark cable 46 to the
spark plug 30. In a conventional manner, the ignition
circuit 44 energizes the spark plug 30 in synchroniza-
tion with the rotation of the crankshaft 16 of the engine
10. Hence, the ignition circuit 44 combines with the ig-
nition switch 38 and the spark plug 30 to form an igni-
tion system.

A fuel injector 48 includes a housing 50 having a
fixed metering orifice 52. A plunger 54 is supported
within the housing 50 for reciprocation between a fully
opened position and a fully closed position. In the fully
opened position, the forward end of the plunger 54 is
opened away from the orifice 52. In the fully closed
position, the forward end of the plunger 534 is closed
against the orifice’ 52, A bias spring 56 is seated
between the rearward end of the plunger 54 and the
housing 50 for normally maintaining the plunger 54 in
the fully closed position. A solenoid or winding 58 is
electromagnetically coupled with plunger 54 for driv-
ing the plunger 54 to the fully opened position against
the action of the bias spring 56 when the winding 58 is
energized. The bias spring 56 drives. the plunger 54 to
the fully closed position when the winding 58 is deener-
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gized. The fuel injector 48 is mounted on the intake
manifold 20 of the engine 10 for injecting fuel into the
intake manifold 20 at a constant flow rate through the
metering orifice 52 when the plunger 34 is in the fully
opened position. Notwithstanding the illustrated struc-
ture, it is to be noted that the fuel injector 48 may be
provided by virtuaily any suitable constant flow rate
valve. .

A fuel pump 60 is connected to the fuel injector 48
by a conduit 62 and to the vehicle fuel tank 64 by a
conduit 66 for pumping fuel from the fuel tank 64 to
the fuel injector 48. Preferably, the fuel pump 60 is
connected to the power line 40 to be electrically driven
from the vehicle battery 36. Alternately, the fuel pump
60 could be connected to the crankshaft 16 to be
mechanically driven from the engine 10. A pressure
regulator 68 is connected to the conduit 62 by a con-
duit 70 and is connected to the fuel tank 64 by a con-
duit 72 for regulating the pressure of the fuel applied to

" the fuel injector 48. Thus, the fuel injector 48 combines
with the fuel tank 64, the fuel pump 60 and the pres-
sure regulator 68 to form a fuel supply system.

A throttle 74 is rotatably mounted within the intake
manifold 20 for regulating the flow of air into the in-
take manifold 20 in accordance with the position of the
throttle 74. The throttle 74 is connected through a
suitable linkage 76 with the vehicle accelerator pedal
78. As the accelerator pedal 78 is depressed, the throt-
tle 74 is opened to increase the flow of air into the in-
take manifold 20. Conversely, as the accelerator pedal
78 is released, the throttle 74 is closed to decrease the
flow of air into the intake manifold 20.

In operation, fuel and air are combined within the in-
take manifold 20 to form an air/fuel mixture. The fuel
is injected into the intake manifold 20 at a constant
flow rate by the fuel injector 48 in response to energiza-
tion. The precise amount of fuel deposited within the
intake manifold 20 is regulated by a fuel supply control
system which will be described later. The air enters the
intake manifold 20 from the air intake system (not
shown) which conventionally includes an air filter. The
precise amount of air admitted into the intake manifold
20 is determined by the position of the throttle 74. As
previously described, -the position of the accelerator
pedal 78 controls the position of the throttle 74.

As the piston 14 initially moves downward within the
cylinder 12 on the intake stroke, the intake valve 28 is
opened away from the intake port 22 and the exhaust
valve 32 is closed against the exhaust port 26. Ac-
cordingly, combustion ingredients in the form of the
air/fuel mixture within the intake manifold 20 are
drawn by negative pressure through the intake port 22
into the cylinder 12. As the piston 14 subsequently
moves upward within the cylinder 12 on the compres-
sion stroke, the intake valve 28 is closed against the in-
take port 22 so that the air/fuel mixture is compressed
between the top of the piston 14 and the top of the
cylinder 12. When the piston 14 reaches the end of its
upward travel on the compression stroke, the spark
plug 30 is energized by the ignition circuit 44 to ignite
the air/fuel mixture. The ignition of the air/fuel mixture
starts a combustion reaction which drives the piston 14
downward within the cylinder 12 on the power stroke.
As the piston 14 again moves upward within the
cylinder 12 on the exhaust stroke, the exhaust valve 32
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is opened away from the exhaust port 26. As a result,
the combustion products in the form of various exhaust
gases are pushed by positive pressure out of the
cylinder 12 through the exhaust port 26 into the ex-
haust manifold 24. The exhaust gases pass out of the
exhaust manifold 24 into the exhaust system (not -
shown) which conventionally includes a muffler and an
exhaust pipe.

Although the structure and operation of only a single
combustion chamber or cylinder 12 has been
described, it will be readily appreciated that the illus-
trated internal combustion engine 10 may include addi-
tional cylinders 12 as desired. Similarly, additional fuel
injectors 48 may be provided as required. However, as "
long as the fuel injectors 48 are mounted on the intake
manifold 20, the number of additional fuel injectors 48
need not necessarily bear any fixed relation to the
number of additional cylinders 12. Alternately, the fuel
injector 48 may be directly mounted on the cylinder 12
s0 as to inject fuel directly into the cylinder 12. In such
instance, the number of additional fuel injectors 48
would necessarily equal the number of additional
cylinder 12. At this point, it is to be understood that the
illustrated internal combustion engine 10, together
with all of its associated equipment, is shown only to
facilitate a more complete understanding of the inven-
tive fuel supply control system. o

A timing pulse generator 80 is connected with the
crankshaft 16 for developing timing pulses having a
frequency which is proportional to and synchronized
with the rotating speed of the crankshaft 16. The timing
pulses are applied to a timing line 82. Preferably, the
timing pulse generator 80 is some type of inductive
speed. transducer coupled with a bistable circuit. How-
ever, the timing puise generator 80 may be provided by
virtually any suitable pulse producing device such as a
multiple contact rotary switch.

An injector drive circuit 84 is connected to the
power line 40 and to the timing line 82. Further, the in-
jector drive circuit 84 is connected through an injec-
tion line 86 to the fuel injector 48. The injector drive
circuit 84 is responsive to the timing pulses produced
by the timing pulse generator 80 to energize the fuel in-
jector valve 48 in synchronization with the rotating
speed of the crankshaft 16 in much the same manner as
the ignition circuit 44 energizes the spark plug 30. The
length of time for which the fuel injector 48 is ener-
gized by the drive circuit 84 is determined by the width
or duration of the control pulses produced by a modu-
lator or control pulse generator 88 which will be more
fully described later. The control pulses are applied by
the control pulse generator 88 to the injector drive cir-
cuit 84 over a control line 99 in synchronization with
the timing pulses produced by the timing pulse genera-
tor 80. In other words, the injector drive circuit 84 is
responsive to the coincidence of a timing pulse and a
control pulse to energize the fuel injector 48 for the du-
ration or width of the control pulse.

The injector drive circuit 84 may be virtually any am-
plifier circuit capable of logically executing the desired
coincident pulse operation. However, where additional
fuel injectors 48 are provided, it may be necessary that
the injector drive circuit 84 also select which one or
ones of the fuel injectors 48 are to be energized on each
respective timing pulse. As an example, where the fuel
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injectors 48 are mounted on the intake manifold 20,
they may be divided into two separate groups which are
alternately energized on successive ones of the timing
pulses. Conversely, where the fuel injectors 48 are
mounted directly on additional cylinders 12, the timing
pulses may be applied to operate a counter which in-
dividually selects the fuel injectors 48 for energization.

The control pulse generator 88 includes a monosta-
ble multivibrator or blocking oscillator 92. The
blocking oscillator 92 includes a control transducer 94
having a primary winding 96 and a secondary winding
98 which are variably inductively coupled through a
movable magnetizable core 100. The deeper the core
100 is inserted into the primary and secondary
windings 96 and 98, the greater the inductive coupling
between the primary winding 96 and the secondary
winding 98. The movable core 100 is mechanically
connected through a suitable linkage 102 with a
vacuum sensor 104. The vacuum sensor 104 commu-
nicates with the intake manifold 20 of the engine 10
downstream from the throttle 74 through a conduit 106
for monitoring the negative pressure within the intake
manifold 20. The vacuum sensor 104 moves the core
100 within the control transducer 94 to regulate the in-
ductive coupling between the primary and secondary
windings 96 and 98 as an inverse function of the
vacuum within the intake manifold 20. Therefore, as
the vacuum within the intake manifold 20 decreases in
response to the opening of the throttle 74, the core 100
is inserted deeper within the control transducer 94 to
proportionately ' increase the inductive coupling
between the primary winding 96 and the secondary
winding 98.

The monostable multivibrator or blocking oscillator
92 further includes a pair of NPN junction transistors
108 and 110. The primary winding 96 is connected
from the collector electrode of the transistor 110
through a limiting resistor 112 to the power line 40.
The secondary winding 98 is connected from an input
junction 114 through a steering diode 116 to a bias
junction 118 between a pair of biasing resistors 120 and
122 which are connected in series between the power
line 40 and the ground line 42. A biasing resistor 124 is
connected between the junction 114 and the power line
40. The base electrode of the transistor 108 is con-
nected through a steering diode 126 to the junction
114. The emitter electrodes of the transistors 108 and
110 are connected directly to the ground line 42. The
collector electrode of the transistor 108 is connected
through a biasing resistor 128 to the power line 40 and
is connected through a biasing resistor 130 to the base
electrode of the transistor 110.

Further, the control pulse generator 88 includes a
differentiator 132 provided by a capacitor 134 and a
pair of resistors 136 and 138. The resistors 136 and 138
are connected in series between the power line 40 and
the ground line 42. The capacitor 134 is connected
from the timing line 82 to a junction 140 between the
resistors 136 and 138. A steering diode 142 is con-
nected from the junction 140 between the resistors 136
and 138 to the input junction 114. In operation, timing
pulses are applied through the timing line 82 to the dif-
ferentiator 132, The differentiator 132 develops nega-
tive trigger pulses at the junction 140 in response to the
timing pulses. The diode 142 applies the trigger pulses
from the junction 140 to the junction 114,
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The modulator or control pulse generator 88 is
generally well known in the fuel injection art. Ac-
cordingly, since it is only incidental to the present in-
vention, its operation will not be described in great
detail. In operation, the monostable multivibrator or
blocking oscillator 92 switches from a stable state to an
unstable state in response to a decrease in the voltage
at, the input junction 114 below a predetermined
threshold level. The voltage appearing at the junction

- 114 comprises a feedback voltage provided by the con-

trol transducer 94 and a bias voltage provided by the
resistors 120, 122 and 124. Specifically, when the volt-
age at the junction 114 rises above the threshold level,
the transistor 108 is rendered fully conductive through
the coupling action of the diode 126 and the transistor
110 is rendered fully nonconductive through the bias-
ing action of the resistor 130.

With the feedback voltage absent, the bias voltage is
provided by the resistors 120, 122 and 124 normally
maintains the voltage at the junction 114 above the
threshold voltage so that the transistor 108 is normally
turned on and the transistor 110 is normally turned off. -
However, when a negative trigger pulse arrives at the

5 junction 114, the voltage at the junction 114 im-
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mediately drops below the . threshold level. Con-
sequently, the transistor 108 is turned off through the
coupling action of the diode 126, and the transistor 110
is turned on through the biasing action of the resistors
128 and 130. With the transistor 110 turned on, a con-
trol pulse is initiated on the control line 90. The level of
the control pulse is defined by the saturation voltage
drop of the transistor 110.

With ‘the transistor 110 turned on, a current is
established in the primary winding 96 of the control
transducer 94 to develop the feedback voltage across
the secondary winding 98 of the control transducer 94.
The. feedback voltage initially instantaneously
decreases from the level of the bias voltage to a lower
level and subsequently gradually increases back to the
level of the bias voltage. The feedback voltage is cou-
pled through the diode 116 to the junction 114 to hold
the voltage at the junction 114 below the threshold
level. Consequently, the transistor 108 remains turned
off and the transistor 110 remains turned on.

The lower level of the feedback voltage is deter-
mined by the inductive coupling between the primary
and secondary windings 96 and 98 of the control trans-
ducer 94. In turn, the inductive coupling between the
primary and secondary windings 96 and 98 is defined
by the position of the movable core 100. The rate at
which the feedback voltage increases from the lower
level back to the level of the bias voltage is determined
by the L/R time constant of the primary winding 96 and
the limiting resistor 112. As the feedback voltage in-
creases, the voltage at the junction 114 eventually rises
above the threshold level. Accordingly, the transistor
108 is turned on and the transistor 110 is turned off.
With the transistor 108 turned off, the control pulse on
the control line 90 is terminated. Thus, the duration of
the control pulses occurring on the control line 90 is
determined by the vacuum sensor 104 and the control
transducer 94 as an_inverse function of the vacuum
within the intake manifold 20 of the engine 10. - -

A starter'circuit 146 is mechanically connected with
the crankshaft 16 of the engine 10 through a suitable
linkage 148. A starter switch 150 connects the vehicle
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battery 36 with the starter circuit 146 through a start-
ing line 152. When the starter switch 150 is closed, the
starter circuit 146 is actuated to initiate cranking of the
engine 10. When the starter switch 150 is opened, the
starter circuit 146 is deactuated to terminate cranking
of the engine 10. Preferably, the starter switch 150 is
ganged with the ignition switch 38 in the conventional
manner. When ganged, the ignition switch 38 is closed
when the starter switch 150 is in the starting position,
but the starter switch 150 is opened when the ignition
switch 38 is in the running position. Conventionally,
the starter circuit 150 includes a starter solenoid and a
starter motor. Thus, the starter circuit 146 combines
with the starter switch 150 to form a starting system.

During cranking of the engine 10 by the starter cir-
cuit 146, the rotation of the crankshaft 16 is relatively
slow. As a result, the frequency of the timing pulses
produced by the timing pulse generator 80 is relatively
low. Consequently, the frequency of the control pulses
produced by the control pulse generator 88 is also low.
With the number of control pulses reduced during
cranking of the engine 10, the amount of fuel deposited
within the intake manifold 20 by the fuel injector 48 is
generally insufficient to insure reliable starting of the
engine 10. In addition, when the engine 10 is cold,
some of the applied fuel tends to condense upon the
walls of the intake manifold 20 and upon the surface of
the intake valve 28. As a result, the amount of fuel ac-
tually drawn from the intake manifold 20 through the
intake port 22 past the intake valve 28 into the cylinder
12 is substantially reduced during cold cranking of the
engine 10. For these reasons, a cranking enrichment
circuit-154 is provided for increasing the number of
control pulses developed by the control pulse generator
88 during cranking of the engine 10.

The cranking enrichment circuit 154 is connected
between the power line 40 and the ground line 42. The
cranking enrichment circuit 154 includes an input con-
nected through the starting line 152 to the starter
switch 150. Correspondingly, the cranking enrichment
circuit 154 includes an output connected through an
output line 156 to a differentiator 158 in the control
pulse generator 88. The differentiator 158 is provided
by.a capacitor 160 and a pair of resistors 162 and 164.
The resistors 162 and 164 are connected in series
between the power line 40 and the ground line 42. The
capacitor 160 is connected between the output line 156
of the cranking enrichment circuit 154 and a junction
166 between the resistors 162 and 164. A steering
diode 168 is connected from the junction 166 between
the resistors 162 and 164 to the input junction 114 in
the monostable multivibrator or blocking oscillator 92.

In a manner to be more fully described later, the
cranking enrichment circuit 154 is responsive to crank-
ing of the engine 10, when the starter switch 150 is
closed to produce cranking pulses on the output line
156. The cranking pulses produced by the cranking en-
richment circuit 154 are applied through the output
line 156 to the differentiator 158. The differentiator
158 develops negative trigger pulses at the junction 166
in response to the cranking pulses. The diode 168 ap-
plies the trigger pulses from the junction 166 to the
junction 114. As previously described, the monostable
multivibrator or blocking oscillator 92 produces con-
trol pulses in response to the occurrence of the trigger
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pulses at the input junction 114. Hence, additional con-
trol pulses are developed by the control pulse generator
88 during cranking of the engine 10.

As might be expected, the total amount of fuel which
is condensed upon the walls of the intake manifold 20
and upon the surface of the intake valve 28 is inversely
related to the temperature of the engine 10. Therefore,
as the engine temperature increases, an increasing
amount of fuel is drawn from the intake manifold 20
through the intake port 22 past the intake valve 28 into
the cylinder 12 tending to flood the engine 10 with ex-
cess fuel. Accordingly, the cranking enrichment circuit
154 includes an input connected through a sensing line
170 to a heat sensing element 172 mounted on the top
of the cylinder 12 adjacent the intake valve 28 for
monitoring the temperature of the engine 10. Al-
ternately, it will be appreciated that the heat sensing
element 172 could be located in some other convenient
position, such as within the engine coolant ‘system.
Preferably, the heat sensing element 172 is provided by
a negative temperature -coefficient resistor ~ or
thermistor. The thermistor 172 regulates the frequency
of the cranking pulses produced by the cranking en-

richment circuit 154 as an inverse function of the tem-
perature of the engine 10. Thus, the amount of fuel ap-
plied to the engine 10 during cranking is compensated
for variations in the temperature of the engine 10.

In addition, if the energy capacity of the power
source or battery 36 is relatively low, the supply. voltage
applied to the power line 40 and to the starting line 152
is decreased. As an example, the supply voltage of the
battery 36 may be low due to an energy.drain placed on
the battery 36 by some external accessory equipment,
such as the vehicle light system (not shown), when the
engine 10 is shut off. With the supply voltage on the
starting line 152 reduced, the speed at which the
crankshaft 16 of the engine 10 is cranked by the starter
circuit 146 is slowed. Accordingly, the engine 10 is
more difficult to start. Further, if the engine 10 does
not rapidly start, the remaining energy of the battery 36
will be quickly depleted by the startér circuit 146 dur-
ing cranking of the engine 10. In such event, it is im-
possible to start the engine 10.

Moreover, with the supply voltage on the power line
40 reduced, the magnitude of the voltage applied to the
winding 58 of the fuel injector 48 by the injector drive
circuit 84 is correspondingly lowered. Consequently,
the response time of the fuel injector 48 is sluggish.
More particularly, the opening time of the plunger 54
with respect to the metering orifice 52 is substantially
increased. As a result, the amount of fuel deposited
within the intake manifold 20 of the engine 10 by the
fuel injector 48 is effectively decreased. Therefore,
when the supply voltage of the battery 36 is low enough
to adversely effect the response time of the fuel injector
48, the engine 10 is even more difficult to start.
Further, since the amount of fuel deposited within the
intake manifold 20 is inversely related to the tempera-
ture of the engine 10, engine starting is even more
troublesome if the engine 10 is at an elevated tempera-
ture when the supply voltage is reduced.

In order to alleviate these problems, the frequency of
the cranking pulses produced by the cranking en-
richment circuit 154 is regulated as an inverse function
of the energy capacity of the power source or battery



3,683,871

9

36. More particularly, the frequency. of the cranking
pulses is increased by a given factor when the supply
voltage of the battery 36 falls below a minimum ac-
ceptable level. Preferably, the frequency of the crank-
ing pulses is doubled when the supply voltage is

" reduced. Thus, the amount of fuel applied to the engine
10 during cranking is compensated for variations in the
supply voltage of the battery 36 as well as for variations
in the temperature of the engine 10.

Ordinarily, the engine 10 will start quickly when
cranked by the starter circuit 146. However, if the en-
gine 10 initially fails to start, the starting sequence may
become a series of alternate cranking periods and rest-
ing periods under control of the vehicle operator. A
cranking period may be defined as that time interval

. during which the starter switch 150 is closed to actuate
the starter circuit 146. A resting period may be defined
as that time interval during which the starter switch 150
is opened to deactuate the starter circuit 146.

As will be more fully described later, the cranking
enrichment circuit 154 produces cranking pulses only
during a limited enrichment interval. This prevents the
engine 10 from becoming excessively flooded with fuel
due to a continual supply of cranking pulses from the
cranking enrichment circuit 154 in the absence of en-
gine starting. Preferably, the enrichment interval
begins when the starter switch 150 is closed to actuate
the starter circuit 146 and initiate cranking of the en-
gine 10. Similarly, the enrichment interval ends when
the starter switch 150 is opened to deactuate the starter
circuit 146 and terminate cranking of the engine 10.
Hence, the minimum possible duration of an en-
richment interval is directly related to the duration of
the instant cranking period. This prevents the engine
10 from becoming flooded with fuel due to a continual
supply of cranking pulses from the cranking en-
richment circuit 154 in the absence of engine cranking.

Further, the maximum possible duration of an en-
richment interval is directly related to the duration of
the preceding resting period up to a predetermined
limit. This prevents severe flooding of the engine 10
due to an excessive number of cranking pulses
produced by the cranking enrichment circuit 154 when
the resting periods are disproportionately shorter than
the cranking periods. In addition, the maximum possi-
ble duration of an enrichment interval is inversely re-
lated to the duration of the preceding cranking period
up to a predetermined limit. More specifically, the
maximum possible duration of an enrichment interval
is inversely related to the duration of the preceding
cranking period in excess of the preceding enrichment
interval. This prevents continued flooding of the engine
10 due to a constant oversupply of cranking pulses
from the cranking enrichment circuit 154 when the
successive cranking periods and resting periods oc-
curred in rapid order after the engine 10 has been ini-
tially flooded.

Referring to FIG. 2, the cranking enrichment circuit
154 comprises a cranking oscillator 174 and a cranking
timer 176. The cranking pulse generator or cranking
oscillator 174 includes an oscillator switching circuit
178 and an oscillator control circuit 180. The oscillator
switching circuit or oscillator toggle circuit 178 com-
prises a differential amplifier 182 and an output switch
184.
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‘The differential amplifier 182 includes NPN junction
transistors 186, 188, 200 and 202. The emitter elec-
trode of the transistor 186 is connected through a bias-
ing resistor 204 to the ground line 42. A voltage divider
network includes a pair of biasing resistors 206 and 208
and a temperature compensating diode 210 which are
connected in series between the power liné 40 and the
ground line 42. The base electrode of the transistor 186
is connected to a bias junction 212 between the resistor
206 and the diode 210. The collector electrode of the
transistor 186 is connected directly to the emitter elec-
trodes of the transistors 188 and 200. The base elec-
trode of the transistor 188 is connected to the oscillator
control circuit 180.

The collector electrode of the transistor 188 is con-
nected through a biasing resistor 214 to the power line
40. The collector electrode of the transistor 200 is con-
nected through a temperature compensating diode 216
and a biasing resistor 218 to the power-line 40. The
base electrode of the transistor 202 is connected
directly to the collector electrode of the transistor 188.
The collector electrode of the transistor 202 is con-
nected directly to the power line 40. The emitter elec- .
trode of the transistor 202 is connected through a pair
of biasing resistors 220 and 222 to the ground line 42.
The base electrode of the transistor 200 is connected to
an oscillator reference junction or oscillator gating
junction 224 between the resistors 220 and 222.

The output switch 184 comprises a PNP junction
transistor 226 and an NPN junction transistor 228. The
base electrode of the transistor 226 is connected
directly to the collector electrode of the transistor 200.
The -collector electrode of the transistor 226 is con-
nected directly to the base electrode of the transistor
228. The emitter electrode of the transistor 226 and the
collector electrode of the transistor 228 are connected
together through an output resistor 230 to the power
line 40. The emitter electrode of the transistor 228 is
connected directly to the output line 156 of the crank-
ing enrichment circuit 154.

The oscillator control circuit or oscillator integrator
circuit 180 includes a storage element or capacitor
232, a charging circuit 234 and a dlschargmg circuit
236. The discharging circuit 236 comprises a heat sen-
sor network 238 and a voltage detector network 240.
The capacitor 232 is connected between the base elec-
trode of the transistor 188 and the ground line 42. An
oscillator control junction 242 is defined between the
top of the capacitor 232 and the base electrode of the
transistor 188.

The charging circuit or current source 234 includes a
PNP junction transistor 244 and an' NPN junction
transistor 246. The base electrode of the transistor 244
is connected directly to the collector electrode of the
transistor 200. The emitter electrode of the transistor
244 and the collector electrode of the transistor 246
are connected through a charging resistor 248 to the
power line 40. The collector electrode of the transistor
244 and the base electrode of the transistor 246 are
connected through a biasing resistor 250 to the oscilla-
tor control junction 242. The emitter electrode of the
transistor 246 is connected directly to the oscillator
control junction 242.

The discharging circuit or current sink 236 includes
an NPN junction transistor 252. The collector elec-
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trode of the transistor 252 is connected directly to the
oscillator control junction 242. The base electrode of
the transistor 252 is connected with the heat sensor
network 236. The emitter electrode of the transistor
252 is connected with the voltage detector network
240. Further, the emitter electrode of the transistor
252 is connected through a discharging resistor 254 to
the ground line 42.

The heat sensor network 238 includes a pair of NPN
junction transistors 256 and 258. The base electrode of
the transistor 256 is connected to a junction between a
pair of biasing resistors 260 and 262 which are con-
nected in series between the power line 40 and the
ground line 42. The collector electrode of the transistor
256 is connected directly to the power line 40. The
base electrode of the transistor 258 is connected to a
junction between the heat sensing. element or
thermistor 172 and a biasing resistor 263 which are
connected in series between the emitter electrode of
the transistor 256 and the ground line 42. The collector
electrode of the transistor 258 is connected directly to
the power line 40. The emitter electrode of the
transistor 258 is connected through a pair of biasing re-
sistors 264 and 266 to the ground line 42. The base
electrode of the transistor 252 is connected directly to
the junction between the resistors 264 and 266.

The voltage detector network 240 includes a pair of
NPN junction transistors 268 and 270. The base elec-
trode of the transistor 268 is connected to the junction
between a pair of detecting resistors 272 and 274 which
are connected in series between the power line 40 and
the ground line 42. The emitter electrode of the
transistor 268 is connected directly to the ground line
42. The collector electrode of the transistor 268 and
the base electrode of the transistor 270 are connected
together through a biasing resistor 276 to the power
line 40. The emitter electrode of the transistor 270 is
connected directly to the ground line 42. The collector
electrode of the transistor 270 is connected through a
discharging resistor 278 to the emitter electrode of the
transistor 252.

The cranking timer 176 comprises a timer switching
circuit 280 and a timer control circuit 282. The timer

. switching circuit or timer toggle circuit 280 includes a
differential amplifier 284 and a logic switch 286. The
differential amplifier 284 comprises NPN junction
transistors 288, 290 and 292. The base electrode of the
transistor 288 is connected directly to the bias junction
212 between the resistor 206 and the diode 210. The
emitter electrode of the transistor 288 is connected
through a biasing resistor 294 to the ground line 42.
The collector electrode of the transistor 288 is con-
nected directly to the emitter electrodes of the
transistors 290 and 292.

A voltage regulator or voltage divider network is
formed by a bias resistor 296 and a string of diodes 298,
300, 302 and 304 which are connected in series
between the power line 40 and the ground line 42. The
base electrode of the transistor 290 is connected to a
timer reference junction 305 between the resistor 296
and the diode 298. The collector electrode of the
transistor 290 is connected directly to the power line
40. The collector electrode of the transistor 292 is con-
nected through a biasing resistor 306 to the power line
40. The base electrode of the transistor 292 is con-
nected with the timer control circuit 282.
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The logic switch 286 includes a PNP junction
transistor 308 and an NPN junction transistor 310. The
base electrode of the transistor 308 is connected -
directly to the collector electrode of the transistor 292.
The emitter electrode of the transistor 308 is con-
nected directly to the power line 40. The collector elec-
trode of the transistor 308 is connected through a bias-
ing resistor 312 to the base electrode of the transistor
310. The emitter electrode of the transistor 310 is con-
nected directly to the ground line 42. The collector
electrode of the transistor 310 is connected to the oscil-
lator gating junction 224 between the resistors 220 and
222 in the oscillator switching circuit 178.

The timer control circuit or timer integrator circuit

" 282 comprises a storage element or capacitor 314, a

charging circuit 316 and a discharging circuit 318. The
capacitor 314 is connected between the base electrode
of the transistor 292 and the ground line 42. A timer
control junction 320 is defined between the top of the
capacitor 314 and the base electrode of the transistor
292. The discharging circuit or current sink 318 in-
cludes a discharging resistor 322 connected between
the timer control junction 320 and the ground line 42.
As will be more fully explained later, the discharging
circuit 318 also includes the transistors 288 and 292
and the resistor 294 of the differential amplifier 284.

The charging circuit or current source 316 includes a
PNP junction transistor 324 and a pair of NPN junction
transistors 326 and 328. The base electrode of the
transistor 324 is connected directly to the timer control
junction 320. The emitter electrode of the transistor
324 and the collector electrode of the transistor 326
are connected together through a charging resistor 330
to the power line 40. The collector electrode of the
transistor 324 and the base electrode of the transistor
326 are connected together through a biasing resistor
332 to the ground line 42. The emitter electrode of the
transistor 326 is connected directly to the ground line
42, The collector electrode of the transistor 328 is con-
nected directly to a timer gating junction 329 between
the resistor 330, the emitter electrode of the transistor
324 and the collector electrode of the transistor 326.
The emitter electrode of the transistor 328 is con-
nected directly to the ground line 42. The base elec-
trode of the transistor 328 is connected through a pair
of biasing resistors 334 and 336 to the power line 40.
The base electrode of the transistor 310 is connected
through a biasing resistor 338 and a turnoff diode 340
to an input junction 342 between the biasing resistors
334 and 336.

" A cranking driver switch is provided by a NPN junc-
tion transistor 344. The collector electrode of the
transistor 344 is connected directly to the input junc-
tion 342. The emitter electrode of the transistor 344 is
connected directly to the power line 42. The base elec-
trode of the transistor 344 is connected through a bias-
ing resistor 346 to.the ‘starting line 152 and through a
biasing resistor 348 to the ground line 42.

Referring to FIG. 2, when the starter switch 150 is
opened to terminate cranking of the engine 10, the
starting line 152 is deenergized. With the starting line
152 deenergized, the transistor 344 is rendered fully
nonconductive through the biasing action of the re-
sistor 348. With the transistor 344 turned off, the
transistor 310 is rendered fully conductive through the
biasing action of the resistors 336 and 338 and the
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diode 340. When the transistor 310 is turned on, the
oscillator gating junction 224 is effectively clamped to
the potential of the ground line 42. Consequently, the
cranking oscillator 174 is disabled. However, when the
starter switch 150 is closed to initiate cranking of the
engine 10, the starting line 152 is energized. With the
starting line ‘152 energized, the transistor 344 is
rendered fully conductive through the biasing action of
the. resistors: 346 and 348. With the transistor 344
turned on, the transistor 310 is rendered fully noncon-
ductive through the biasing action of the resistor 338
and the diode 340. With the transistor 310 turned off,
the oscillator gating junction 224 is unclamped. As.a
result, the cranking oscillator 174 is enabled.

Referring to FIGS. 2 and 3, when the cranking oscil-
lator 174 is enabled, the oscillator control circuit 180
produces an oscillator control voltage V, at the oscilla-
tor control junction 242. The oscillator control voltage
V, varies with respect to an upper oscillator control
level 350 and a lower oscillator control level 352. In
particular, the control voltage V, increases at a positive
excursion rate from the lower control level 352 to the
upper control level 350. Alternately, the control volt-
age V, decreases at a negative excursion rate from the
upper control level 350 to the lower control level 352.
The oscillator switching circuit 178 is responsive to the
oscillator control voltage V, to switch between a set
state and a reset state. More specifically, the oscillator
switching circuit 178 assumes the set state when the
control voltage V, reaches the upper control level 350
in the  increasing sense. Conversely, the oscillator
switching circuit 178 assumes the reset state when the
control voltage V, reaches the lower level 350 in the
decreasing sense. A cranking pulse is produced on the
output line 156 of the cranking enrichment circuit 154
each time the oscillator switching circuit 178 assumes
the set state.

In the oscillator switching circuit 178, the differential
amplifier 182 exhibits a high gain characteristic. The
transistor 186 combines with the resistor 204 to pro-
vide a current sink for the transistors 188 and 200. The
conduction of the transistor 186 is determined by the
biasing action of the resistors 206 and 208 and the
diode 210. The transistor 202 operates as an emitter-
follower to define the upper and lower oscillator con-
trol levels 350 and 352 at the oscillator reference junc-
tion 224. When the oscillator switching circuit 178 is in
the set state, the transistor 188 is turned on and the
transistors 200, 226 and 228 are turned off. When the
- oscillator switching circuit 178 is in the reset state, the
transistor 188 is turned off and the tran51stors 200 226
and 228 are turned on.

More particularly, as the oscillator control voltage
V, at the oscillator control junction 242 reaches the
lower control level 352, the oscillator switching circuit
178 is driven to the reset state. As the oscillator
switching circuit 178 assumes the reset state, the
transistor 188 is rendered fully nonconductive and the
transistor 200 is rendered fully conductive. With the
transistor 188 turned off, the transistor 202 is driven
into relatively heavy conduction by the biasing action
of resistor 214. Since the voltage drop across the
transistor 202 is relatively low, the reference voltage
established at the oscillator reference junction 224 is
increased to approximately the upper oscillator control
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level 350. As the transistor 200 turns on, the oscillator
control voltage V, produced by the oscillator control
circuit 180 begins to increase toward the upper oscilla-
tor control level 350. Further, with the transistor 200
turned on, the transistors 226 and 228 in the output
switch 184 are rendered fully conductive through the
biasing action of the transistors 186 and 200, the re- -
sistors 204 and 218, the diode 216. With the transistors
226 and 228 turned on, a relatively high voltage is ap-
plied through the resistor 230 to the output line 156.

As the oscillator control voltage V, at the oscillator
control junction 242 reaches the upper control level

‘350, the oscillator switching circuit 178 is driven to the

reset state, As the ‘oscillator switching circuit 178 as-
sumes the reset state, the transistor 188 is rendered.
fully conductive and the transistor 200 is rendered fully
nonconductive. With the transistor 188 turned on, the
transistor 202 is driven into relatively light conduction
by the biasing action of the transistors 186 and 188 and -
the resistors 204 and 214. Since the voltage drop across
the transistor 202 is relatively high, the reference volt-
age established at the oscillator reference junction 224
is decreased to approximately the lower oscillator level
352. As the transistor 200 turns off, the oscillator con-
trol voltage V, produced by the oscillator control cir-
cuit 180 begins to decrease toward the lower oscillator
control level 352. Further, with the transistor 200
turned off, the transistors 226 and 228 in the output
switch 184 are rendered fully nonconductive through
the biasing action of the resistor 218 and the diode 216.
With the transistors 226 and 228 turned off, a relatively
low voltage is applied through the resistor 230 to the
output line 156 to define a cranking pulse.

Thus, the oscillator switching cireuit 178. produces
cranking pulses on the output line 156 of the cranking
enrichment circuit 154 in synchronization. with the
frequency of the oscillations in the oscillator control
voltage V, developed by the oscillator control circuit
180. More specifically, a cranking pulse is produced on
the output line 156 each time the transistor 200 is
turned off. In turn, the transistor 200 is turned off each
time the oscillator control voltage reaches the upper
oscillator contro! level 350. The frequency with which
the oscillator control voltage V, reaches the upper
oscillator control level 350 is proportioned to the posi-
tive and negative excursion rates of the oscillator con-
trol voltage V,. Accordingly, the frequency of the
cranking pulses produced on the output line 156 by the
oscillator switching circuit 178 is also a direct function
of the positive and negative excursion rates of the oscil-
lator control voltage V,,.

In the oscillator control circuit 180 the capacitor
232 defines the oscillator control voltage V, at the
oscillator control junction 242. The charging circuit
234 applies a constant charging current to the capaci-
tor 232 to charge the capacitor 232 at a constant
charge rate when the oscillator switching circuit 178 is
in the reset state. The discharging circuit 236 draws a
constant discharging current from the capacitor 323 to
discharge the capacitor 232 at a constant discharge
rate when the oscillator switching circuit 178 is in both
the set and reset states. In other words, the discharging
circuit 236 operates independent of the operation of
the oscillator switching -circuit 178. The heat sensor
network 238 regulates the discharge rate as an inverse
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function of the temperature of the engine 10. In addi-
tion, the voltage detector network 240 regulates the
discharge rate as an inverse function of the supply volt-
age of the power source or battery 36.

The positive excursion rate of the oscillator control
voltage V, is determined by the charge rate less the
discharge rate. Hence, the positive excursion rate of
the control voltage V, is a direct function of the tem-
perature of the engine 10-and the supply voltage of the
battery 36. The negative excursion rate of the oscillator
control voltage V, is determined by the discharge rate
only. Thus, the negative excursion rate of the control
voltage V, is an inverse function of the temperature of
the engine 10 and the supply voltage of the battery 36.
The charge rate provided by the charging circuit 234 is
substantially greater than the discharge rate provided
by the discharging circuit 236. Preferably, the charge
rate is several times greater than the discharge rate.
Consequently, the discharge rate dominates the charge
rate in determining the excursion time for one
complete cycle of the oscillator control voltage V,
between the upper and lower oscillator control levels
350 and 352. More specifically, the frequency of the
oscillations in the oscillator control voltage V, is inver-
sely related to the temperature of the engine 10 and the
supply voltage of the battery 36. Therefore, the
frequency of the cranking pulses produced on the out-
put line 156 by the oscillator switching circuit 178 is
also an inverse function of the temperature of the en-
gine 10 and the supply voltage of the battery 36.

In the charging circuit 234, the transistors 244 and
246 are operated in a constant current mode to linearly
charge the capacitor 232. The charge rate is deter-
mined. by the charging current applied through a
charge path including the resistor 248 and the
transistor 246. The magnitude of the charging current
may be regulated by varying either one or both of the
resistors 248 and 250. When the transistor 200 is
turned on as the oscillator switching circuit assumes the
reset state, the transistors 244 and 246 are rendered
conductive through the biasing action of the transistors
186 and 200, the resistors 204 and 218 and the diode
216. Accordingly, the application of the charging cur-
rent to the capacitor 232 is initiated. When the
transistor 200 is turned off as the oscillator switching
circuit 178 assumes the set state, the transistors 244
and 246 are rendered fully nonconductive through the
biasing action of the resistor 218 and the diode 216.
Consequently, the application of the charging current
to the capacitor 232 is terminated. :

In the discharging circuit 236, the transistor 252 is
operated in a constant current mode to linearly
discharge the capacitor 232. The discharge rate is
determined by the discharging current drawn from the
capacitor 232 through a discharge path including the
transistor 252 and the resistor 254. When the oscillator
switching circuit 178 is in the reset state, the capacitor
232 also discharges somewhat through a discharge path
including the base-emitter junction of the transistor
188, the transistor 186 and the resistor 204. However,
the amount of discharging current drawn through the
discharge path internal to the differential amplifier 182
is negligible as compared to the amount of discharging
current drawn through the discharge path external to
the differential amplifier 182. The magnitude of the
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discharging current is directly related to the magnitude
of a bias voltage applied to the base electrode of the
transistor 252 by the heat sensor network 238. Further,
the magnitude of the discharging current is inversely
related to the magnitude of a resistance applied
between the emitter electrode of the transistor 252 and
the ground line 42 by the voltage detector network
240.

In the heat sensor network 238, the transistors 256
and 258 are operated as emitter-followers. The con-
duction of the transistor 256 is determined by the bias-
ing action of the resistors 260 and 262. The conduction
of the transistor 258 is determined by the biasing action
of the thermistor 172 and the resistor 263 in conjunc-
tion with the internal resistance of the transistor 256.
Similarly, the voltage at the base electrode of the
transistor 252 is determined by the biasing action of the
resistors 264 and 266 in conjunction with the internal
resistance of the transistor 258. As the temperature of
the engine 10 increases, the resistance of the negative
temperature coefficient thermistor 172 decreases to as
to decrease the conduction of the transistor 258. How-
ever, as the conduction of the transistor 258 decreases,
the voltage at the base electrode of the transistor 252
decreases so as to decrease the bias voltage applied to
the base electrode of the transistor 252. As a result, the
magnitude of the discharging current drawn through
the transistor 252 and the resistor 254 decreases as the
temperature of the engine 10 increases. Thus, the
discharge rate of the capacitor 232 is inversely related
to the temperature of the engine 10.

In the voltage detector network 240, the transistors
268 and 270 are operated as electronic switches. The
supply voltage of the battery 36 appears across the
power line 40 and the ground line 42. The detecting re-
sistors 272 and 274 are selected to sense the level of the
supply voltage with respect to a minimum acceptable
level. When the supply voltage of the battery 36 is
above the minimum acceptable level, the transistor 268
is rendered fully conductive through the biasing action
of the resistors 272 and 274. With the transistor 268
turned on, the transistor 270 is rendered fully noncon-
ductive. With the transistor 270 turned off, the voltage
at the emitter electrode of the transistor 252 is defined
by the biasing action of the resistor 254. ’

When the supply voltage of the battery 36 falls below
the minimum acceptable level, the transistor 268 is
rendered fully nonconductive through the biasing ac-
tion of the resistors 272 and 274. With the transistor
268 turned off, the transistor 270 is rendered fully con-
ductive through the biasing action of the resistor 276.
With the transistor 270 turned on, the resistor 278 is ef-
fectively placed in parallel with the resistor 254 to
decrease the effective resistance betweerni the emitter
electrode of the transistor 252 and the ground line 42.
Accordingly, the magnitude of the discharge current
drawn through the transistor 252 increases when the
supply voltage of the battery 36 falls below 'the
minimum acceptable level. Hence, the discharge rate
of the capacitor 232 is inversely related to the supply
voltage of the battery 36.

Referring to FIG. 2, when the starter switch 150 is
opened, the transistor 344 is rendered fully nonconduc-
tive. With the transistor 344 turned off, the transistor
328 is rendered fully conductive through the biasing .
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action of the resistors 334 and 336. When the transistor
328 is turned on, the timer gating junction 329 is
clamped to the potential of the ground line 42. Con-
sequently, the cranking timer 176 is disabled. However,
when the starter switch 150 is closed, the transistor 344
is rendered fully conductive through the biasing action
of the resistors 346 and 348. With the transistor 344
turned on, the transistor 328 is rendered fully noncon-
ductive through the biasing action of the resistor 334,
When the transistor 328 is turned off; the timer gating
junction 329 is unclamped. As a result, the cranking
timer 176 is enabled.

Referring to FIGS. 3, 4 and 5 when the cranking
timer 176 is enabled, the timer control circuit 282
produces a timer control voltage V, at the timer control
junction 320. The timer control voltage V, varies with
respect to a timer control level 354. The timer
switching circuit 280 is responsive to the timer control
voltage V, to switch between a set state and a reset
state. The timer switching circuit 280 assumes the set
state when the control voltage V, decreases below the
timer control level 354 and assumes the reset state
when the timer control voltage V, increases above the
timer control level 354.

In the timer switching circuit 280, the differential
amplifier 284 exhibits a high gain characteristic. The
transistor 288 combines with the resistor 294 to pro-
vide a current sink for the transistors 290 and 292. The
conduction of the transistor 288 is determined by the
biasing action of the resistors 206. and 208 ‘and the
diode 210. The voltage regulator or voltage divider
formed by the resistor 296 in conjunction with the
diodes 298, 300, 302 and 304 establishes a timer
reference voltage at the timer reference junction 305.
The timer reference voltage is fixed at approximately
the timer control level 354. When the timer switching
circuit 280 is in the set state, the transistor 292 is
turned off and the transistors 290 and 308 are turned
on. When the timer switching circuit 280 is in the reset
state, the transistor 292 is turned on and the transistors
290 and 308 are turned off.

More specifically, as the timer control voltage V, at
the timer control junction 320 decreases below the
timer control level 354, the timer switching circuit 280
is driven to the set state. As the timer switching circuit
280 assumes the set state, the transistor 290 is rendered
fully conductive and the transistor 292 is rendered fully
nonconductive. When the transistor 292 turns off, the
transistor 308 in the logic switch 286 is rendered fully
nonconductive through the biasing action of the re-
sistor 306. As the timer control voltage V, at the timer
control junction 320 increases above the timer control
level 354, the timer switching circuit 280 is driven to
the reset state. As the timer switching circuit 280 as-

sumes the reset state; the transistor 290 is rendered.

fully nonconductive and the transistor 292 is rendered
fully conductive. With the transistor 292 turned on, the
transistor 308 in the logic switch 286 is turned on
through the blasmg action of the transistors 288 and
292 and the resistors 294 and 306.

The transistor 310 operates to enable the cranking
oscillator 174 when rendered fully nonconductive and
to disable the cranking oscillator 174 when rendered
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through the blasmg action of the resistors 336 and 338
and the diode 340 when the transistor 344 is turned. off.
Similarly, regardless of the operating condition of the
transistor 344, the transistor 310 is turned on through
the biasing action  of the resistor 312 when the
transistor 308 is turned on. The transistor 344 is turned
on when the starter switch 150 is closed and is turned
off when the starter switch 150 is opened. The
transistor 308 is turned off when the timer switching
circuit 280 is in the set state and is turned on when the
timer switching circuit 280 is in the reset state. More
particularly, the transistor 308 is turned on when the
timer control voltage V, decreases to the timer control
level 354 and is turned off when the timer control volt-
age V. increases to the timer control level 354. Hence, -
the transistor 310 is turned off to enable the cranking
oscillator' 174 when the starter switch'150.is closed and
the timer control voltage V, is below the timer control
level 354. Further, the transistor 310 is turned on to
disable the cranking oscillator 174 when the starter
switch 150 is opened or when the timer control voltage
V/is above the timer control level 354,

It will now be apparent that a cranking period may be
defined to extend from the time when the starter switch
150 is closed until the time when the starter switch 150
is next opened. Similarly, a resting period may be
defined to extend from the time when the starter switch
150 is opened until the time when the starter switch
150 is next closed. In addition, a set interval may be
defined as extending from the time when.the starter
switch 150 is closed until the earlier of the time when
the timer control voltage V, next reaches the timer con-
trol level 354 or the time when the starter switch 150 is
next opened. Correspondingly, a reset interval may be
defined as extending from the time when the starter
switch 150 is opened until the earlier of the time when
the timer control voltage V, next reaches the timer con-
trol level 354 or the time when the starter switch 150 is
next closed. Further, since the cranking oscillator 174
produces cranking pulses on the output line 156 of the
cranking enrichment circuit 154 only during the set in-
terval, the set interval represents an enrichment inter-
val. Hence, the timer switching circuit is in an enabled
condition during an enrichment interval and is in a dis-
abled condition at all other times.

In the timer control circuit 282, the capacitor 314
defines the timer control voltage V, at the timer control

50 junction 320. The charging circuit 316 applies a charg-
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fully conductive. Regardiess of the operating condition -

of the transistor 308, the transistor 310 is turned on

ing current to the capacitor 314 to charge the capacitor
314 only when the transistor 328 is turned off. The
discharging circuit 318 draws a discharging current
from the capacxtor 314 to discharge the capacitor 314
when the transistor 328 is both turned on and turned
off. In other words, the operation of the discharging cir-
cuit--318 is independent of the operation of the
transistor 328.

In the charging circuit 316, the transistors 324 and
326 are rendered fully conductive when the transistor
328 is turned off as the starter switch 150 is closed.
Conversely, the transistors 324 and 326 are rendered
fully nonconductive when the transistor 328 is turned
on as the starter switch 150" is opened. When the
transistors 324 and 326 are turned on, the capacitor
314 charges at a charge rate through a charging path
including the base-emitter junction of the transistor
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324 and the resistor 330. The charge rate is determined
by the RC charging time constant provided by the
capacitor 314 in conjunction with the resistor 330 and
the effective base-emitter junction resistance of the
transistor 324. Preferably, the RC charging time con-
stant is chosen so that the charge rate as defined by the
charging current applied through the charging path is
substantially linear.

In the discharging circuit 318, the capacitor 314 is

discharged at different first and second discharge rates.

With the transistor 292 turned off when the timer
switching circuit 280 is in the reset state, the capacitor
314 discharges at a first discharge rate through a first
discharging path consisting of the resistor 322. The first
discharge rate is determined by the RC time constant
provided by the capacitor 314 in conjunction with the
resistor 322. With the transistor 292 turned on when
the timer switching circuit 280 is in the set state, the
capacitor 314 discharges at a second discharge rate
through the first discharge path including the resistor
322 and also through a second discharge path including
the base-emitter junction of the transistor 292, the
transistor 288 and the resistor 294. The second
discharge rate is determined by the RC discharging
time constant provided by the capacitor 314 in con-
junction with the resistors 294 and 322, the base-
emitter junction resistance of the transistor 292 and the
internal resistance of the transistor 288.

Preferably, the RC discharging time constants are
chosen so that the first and second discharge rates are
substantially linear. The charge rate provided by the
charging circuit 316 is substantially greater than the
discharge rate provided by the discharging circuit 318.
Further, the second-discharge rate is substantially
greater than the first discharge rate. In addition, it will
be noted that the first discharge path is external to the
differential amplifier 284 and the second discharge
path is internal to the differential amplifier 284.

FIG. 4 depicts the excursion of the timer control
voltage V, over a complete operating cycle of the
cranking timer 174. At time T, the starter switch 150 is
closed to actuate the starter circuit 146 and initiate
cranking of the engine 10. As a result, the transistor
344 is turned on. Assuming the capacitor 314 became
fully charged at time Ta,, , the timer control voltage
V, is at 2 minimum level below the timer control level
354. Accordingly, the transistor 290 is turned on and
the transistors 292 and 308 are turned off. Since the
transistor 344 is turned on and the transistor 308 is
turned off, the transistor 310 is turned off. With the
transistor 310 turned off, the cranking oscillator 174 is
enabled to initiate the production of cranking pulses on
the output line 156.

During the time interval T. -T, , the timer control
voltage V, increases at a first positive excursion rate
defined by the charge rate less the first discharge rate.
At time T, , the timer control voltage V, reaches the
timer control level 354 in an increasing sense. Con-
sequently, the transistor 290 is turned off and the
transistors 292 and 308 are turned on. The transistor
344 remains turned on. Since the transistor 308 is
turned on, the transistor 310 is turned on. With the
transistor 310 turned on, the cranking oscillator 174 is
disabled to terminate the production of crankmg pulses
on the output line 156.
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Throughout the time interval ', - T, , the timer con-
trol voltage V, increases at a second positive excursion ‘
rate defined by the charge rate less the second
discharge rate. The second positive excursion rate is -
less than the first positive excursion rate. At time T,
the timer control voltage V, reaches a maximum level
as the capacitor 314 becomes fully charged. During the
time interval T;,—T,, the timer control voltage V,
remains constant at the maximum level. In -the illus-
trated timer control circuit 282, the maximum level is
the voltage level on the power line 40.

Attime T, , the starter switch 150 is opened to deac-
tuate the starter circuit 146 and terminate cranking of
the engine 10. Consequently, the transistor 344 is
turned off. However, since the transistor 308 remains
turned on, the transistor 310 remains turned-on. During
the time intervalT, ~—T; , the timer control voltage V,
decreases at a first negative excursion rate defined by
the second discharge rate. Attime T, , the timer con-
trol voltage reaches the timer control level 354 in a
decreasing sense. As a result, the transistor 290 is
turned on and the transistors 292 and 308 are turned
off. However, since the transistor 344 is turned off, the
transistor 310 remains turned on. With the transistor
310 turned on, the cranking oscillator 174 remains dis-
abled. '

Throughout the time interval T.-T, , the timer
control voltage V, decreases at a second negative ex-
cursion rate as defined by the first discharge rate. The
second negative excursion rate is less than the first
negative excursion rate. At time T.,, the timer control
voltage V, reaches the minimum level as the capacitor
314 becomes fully charged. During the time interval T,
=T.,., , the timer control voltage V, remains at the
minimum level. In the illustrated timer control circuit
282, the minimum level is the voltage level on the
ground line 42. At time T, ,,, the starter switch 150 is
again closed to actuate the starter circuit 146 and in-
itiate cranking of the engine 10. Accordingly, the previ-
ously described cycle is repeated.

Although only the -operating - cycle Tc,-T. ,, is
shown in its entirety, it is to be noted that there exists a
preceding operating cycle Te,_,~T., and a succeeding
operating cycle T. . —T. ., .It will be recognized that
the time interval T, -T, represents a full cranking
period and the time interval T,,—T. ., represents a full
resting period. In addition, a maximum set interval or
enrichment interval is represented by the time interval
T.,~Ts, and a maximum reset interval is represented
by the time interval T, ~T. . The maximum possible
duration of the set interval or enrichment interval T,

-T,, is a direct function of the duration of the preced-
ing resting period To,_;-Tc, up to a predetermined

limit defined by a maximum effective resting interval
T0 Td Alternatively, the maximum possible

duratlon of the reset interval T T is an inverse

function of the duration of the precedmg cranking
period T, —T, , Up to a predetermined limit defined

by a maxxmum effective cranking interval T, T,

More specifically, the maximum possible duratlon
of the reset interval T, n——T . is inversely related
to the duration of the preceding cranking period
Tcn—T.,n in excess of the duration of the preceding

set interval or enrichment interval T, —T,_.
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Of course, it will be appreciated that the time T,
when the starter switch 150 is opened, can occur any-
time after the time T, when the starter switch 150 is
closed. The time T,, marks the termination of the
cranking period T.,~T,, and the initiation of the rest-
ing period To,~T_,, . As the time T,, moves toward
the time T, the following reset interval is represented
by the time interval T, ,—T:, which remains unchanged
at a-maximum interval. As the time To, moves away
from the time T, toward the time T., the following
reset interval is represented by the time interval T, -T',
which proportionately decreases. As the time T,
moves away from the time T, toward the time T.,, the
reset interval is nonexistant. Hence, as previously
described, the duration of a reset interval is inversely

10

related to the duration of the previous cranking period.

Further, as the time To, moves away from the time T,
toward the time T._, the set interval or enrichment in-
terval is represented by the time interval T.,—T,,
which proportionately decreases: Thus, the minimum
possible duration of a set interval or enrichment inter-
val is a direct function of the duration of the present
cranking period.

. Similarly, the time T-,,, when the starter switch 150
is closed can occur anytime after the time T, when the
starter switch 150 is opened. The time Teqs1 marks the
termination of the resting period To,~T. ., and the in-
itiation of the cranking period T, ~Ts . ~. As the
time Tc,., moves toward the time T, , the following
set interval or enrichment interval is represented by the
time “interval T, +1_Ts,,+ ) which  proportionately
a maximum interval. As the time Te,; moves away
from the time T4, toward the time T.,, the following
set interval or enrichment interval is represented by the
time interval ‘T, ~Ts . = which proportionately
decreases. As the time T, - moves away from the time
T, toward the time To.: the following set interval or
enrichment interval is nonexistant. Thus, the duration
of a set interval or enrichment interval is directly re-
lated to the duration of the previous resting period.
Further, as the time Tanr , moves away from the time
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Referring to FIGS. 2 and 4, the maximum duration of
the set interval or enrichment interval 1., ~Ts, ‘may be
adjusted by changing the first positive excursion rate of
the timer control voltage V.. Similarly; the maximum
duration of the reset interval T.,~T:, may be adjusted
by changing the first negative excursion rate. Further,
both the maximum duration of the set interval or en-
richment interval T:,~Ts, and the maximum duration
of the reset interval T, --T. may be altered by chang-
ing the timer control level 354. Preferably, the max-
imum duration of the set interval or enrichment inter- :
val T., Ty, is selected so that the engine 10 becomes
flooded with excess fuel just prior to the time Ts,. In
addition, the maximum effective  resting interval
Ts,—Ta,, is preferably. substantially longer than the
maximum effective cranking interval Tcn—T‘n'

As applied to.a typical eight cylinder internal com-
bustion engine, the following values for the respective
time intervals were found to yield satisfactory results:

. Time Intervals Seconds
Maximum set interval or

enrichment interval (T'c - T',) 3

.~ Maximum effective ,

cranking interval (T's; =T’ ) v 6
Maximum reset interval (7", —77, K s : 4
Maximum effective n e -
resting interval (T, —T ) 30

30

It will now be apparent that the present invention
provides an electronic fuel ‘injection system having a -
cranking ‘enrichment circuit which.is both time com- .
pensated and voltage compensated. However, it is to be

" understood that the previous embodiment of the inven-

35

tion is shown for illustrative purposes only and that
various modifications and alterations may be made to it

- without. departing from the spirit and scope of the in-

vention. As an example, the cranking pulses produced
by the cranking enrichment circuit 154 could be ap-

' plied through an appropriate drive circuit to directly

40

T, toward the time T, , the reset interval is repre-

ser;lted by the time interval T(,n——Tcn " which propor-
tionately decreases. Hence, the minimum possible
duration of a reset interval is a direct function of
the duration of the present resting period.

FIG. 5 depicts the excursion of the timer control
voltage V, during a hypothetical portion of an engine
starting sequence which illustrates the previously
described operation of the cranking enrichment circuit
154. During the first cranking period Te;~To, , the set
interval is represented by the time interval To,—T, .
Throughout the first resting period T.—T., , the reset
interval is nonexistent. Over the second cranking
period Tc,~T,, , the set interval or enrichment interval
is represented by the time interval T.,~Ts, . During the
second resting time period To,~Te; , the reset interval is
represented by the time interval To,-T:, . Over the
third cranking period T.,-T., , the set interval or en-
richment interval is represented by the time interval T,
-T,, . During the third resting period To;~T-, , the reset
interval is represented by the time interval To,~T, .
Throughout, the fourth cranking interval T.,-Ts, , the
set interval or enrichment interval is nonexistent. Dur-
ing the fourth resting period To,” Tc; , the reset interval
is represented by the time interval T, -T,, .

45,

energize an extra fuel injector mounted on the intake
manifold 20 upstream of the fuel injector 48. Further, it
is to be noted that the waveforms illustrated in the
drawing are not necessarily to scale.

What is claimed is:

1. In an internal combustion engine system, the com-
bination ‘comprising: a power source for providing a
supply voltage; starter means connected with the en-
gine for cranking the engine at a speed determined as a
direct function of the supply voltage when energized by
the power source; means connected between the
starter means and the power source for selectively
energizing the starter means with the supply voltage to
crank the engine; cranking generator means connected

- with the starter means for producing cranking pulses

60

65

when the starter means is energized, the cranking
generator means including voltage detector means con-
nected with the power source for defining the frequen-
¢y of the cranking pulses as an inverse function of the
supply voltage when the energy capacity of the power
source is below normal; and means including fuel injec-
tion means for normally applying fuel to the engine in
an amount directly related to the engine speed and for
additionally applying a predetermined amount of fuel
to the engine in response to each cranking pulse so that
the quantity of fuel delivered to the engine during
cranking is compensated for variations in the supply
voltage of the power source.
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2. In an internal combustion engine system, the com-
bination comprising: a power source for providing a
supply voltage; means including at least one voltage
responsive fuel injector connected with the engine for
applying fuel to the engine at a substantially constant
rate when energized by the supply voltage; starter
means connected with the engine for cranking the en-
gine at an output speed determined as a direct function

of the supply voltage when energized by the supply.

voltage; means connected between the starter means
and the power source for selectively energizing the
starter means with the supply voltage to crank the en-
gine; timing generator means connected with the en-
gine for producing timing pulses having a frequency
determined as a direct function of the output speed of
the engine; cranking generator means connected with
the starter means for producing cranking pulses having
a given frequency when the starter means is energized,
the cranking generator means including voltage detec-
tor means connected to the power source for increasing
the frequency of the cranking pulses when the supply
voltage falls below a minimum acceptable level which
indicates that the energy capacity of the power source
is below normal; and means connected with the timing
generator means and the cranking generator means and
connected between the fuel injector and the power
source for energizing the fuel injector with the supply
voltage for a predetermined time period in response to
each of the timing pulses and each of the cranking pul-
ses so that the amount of fuel applied to the engine dur-
ing cranking is compensated for variations in the supply
voltage.

3. In an internal combustion engine system, the com-
bination comprising: a power source for providing a
supply voltage; means including at least one fuel injec-
tor connected with the engine for applying fuel to the
engine at a substantially constant rate when energized
by the supply voltage from the power source; starter
means connected with the engine for cranking the en-
gine at an output speed directly related to the supply
voltage when energized from the power source; means
connected between the starter means and the power
source for selectively energizing the starter means with
the supply voltage to crank the engine; timing genera-
tor means connected with the engine for producing
timing pulses having a frequency directly related to the
output speed of the engine; cranking generator means
connected with the starter means for producing crank-
ing pulses when the starter means is energized, the
cranking generator means including voltage detector
means connected with the power source for defining
the frequency of the cranking pulses in inverse relation
to the supply voltage when the energy capacity of the
power source is below normal, the cranking generator
means further including heat sensor means connected
with the engine for defining the frequency of the crank-
ing pulses in inverse relation to the temperature of the
engine; and means connected with the timing generator
means and the cranking generator means and con-
nected between the fuel injector and the power source
for energizing the fuel injector with the supply voltage
for a predetermined time period in response to each of
the timing pulses and each of the cranking pulses so
that the amount of fuel applied to the engine during
cranking is compensated for variations in the supply
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voltage of the power source and for variations in the
temperature of the engine. ’

4. In an internal combustion engine, the combination
comprising: a power source for providing electrical
energy at a supply voltage; means including at least one
voltage responsive fuel injector connected with the en-
gine for applying fuel to the engine at a substantially
constant rate when energized by the supply voltage;
starter means connected with the engine for cranking
the engine at an output speed directly related to the
supply voltage when energized from the power source;
means including a starter switch connected between
the starter means and the power source for selectively
energizing the starter means with the supply voltage to
crank the engine; timing generator means connected
with the engine for producing timing pulses having a
frequency directly related to the output speed of the
engine; cranking oscillator means connected with the
starter means for producing cranking pulses when the
starter means is energized, the cranking oscillator
means including oscillator control means for producing
a control voltage having an excursion rate which deter-
mines the frequency of the cranking pulses, the oscilla-
tor control means including voltage detector means
connected with the power source for regulating the ex-
cursion rate of the control voltage such that the
frequency of the cranking pulses is inversely related to
the supply voltage when the energy capacity of the
power source is below normal; and means connected
with the timing generator means and the cranking oscil-
lator means and connected between the fuel injector
and the power source for energizing the fuel injector
with the supply voltage for a predetermined time
period in response to each of the timing pulses and
each of the cranking pulses so that the amount of fuel
applied to the-engine during cranking is compensated
for variations in the supply voltage.

5. In an internal combustion engine, the combination
comprising: a power source for providing electrical
energy at a supply voltage; means including at least one
voltage responsive fuel injector connected with the en-
gine for applying fuel to the engine at a substantially
constant rate when energized by the supply voltage;
starter means connected with the engine for cranking
the engine at an output speed directly related to the
supply voltage when energized from the power source;
means including a starter switch connected between
the starter means and the power source for selectively
energizing the starter means with the supply voltage to
crank the engine; timing generator means connected
with the engine for producing timing pulses having a
frequency directly related to the output speed of the
engine; cranking oscillator means connected with the
starter means for producing cranking pulses when the
starter means is in the actuated condition, the cranking

.oscillator means including oscillator control means for

producing a control voltage which alternately varies at
a first excursion rate to a first control level and at a
second excursion rate to a second control level, the
oscillator control means including voltage detector
means connected with the power source for regulating
at least one of the first and second excursion rates as an
inverse function of the supply voltage when the energy
capacity of the power source is below normal, the con-
trol voltage defining the frequency of the cranking pul-
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ses as a direct function of the first and second excursion
rates so that the frequency of the cranking pulses is in-
versely related to the supply voltage; and means con-
nected with the timing generator means and the crank-
ing oscillator means and connected between the fuel in-
jector and the power source for energizing the fuel in-
jector with the supply voltage for a predetermined time
period in response to each of the timing pulses and
each of the cranking pulses so that the amount of fuel
applied to the engine during cranking is compensated
for variations in the supply voltage.

6. In an internal combustion engine, the combination
comprising: a power source for providing electrical
energy at a supply voltage; means including at least one
voltage responsive fuel injector connected with the en-
gine for applying fuel to the engine at a substantially
constant rate when energized by the supply voltage;
starter means connected with the engine for cranking
the engine at an output speed directly related to the
supply voltage when energized from the power source;
means including a starter switch connected between
the starter means and the power source for selectively
energizing the starter means with the supply voltage to
crank the engine; timing generator means connected
with the engine for producing timing pulses having a
frequency directly related to the output speed of the
engine; cranking oscillator means connected with the
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starter means for producing cranking pulses when the -

starter means is actuated, the cranking oscillator means
including oscillator control means for producing a con-
trol voltage which alternately increases to an upper
control level at a positive excursion rate and decreases
to a Jower control level at a negative excursion rate, the
oscillator control means including voltage detector
means connected with the power source for increasing
at least one of the positive and negative excursion rates
when the supply voltage decreases below a minimum
acceptable level - which indicates that the energy
capacity of the power source is below normal, the con-
trol voltage defining the frequency of the cranking pul-
ses in direct relation to the positive and negative excur-
sion rates so as to increase the frequency of the crank-
ing pulses when the supply voltage decreases below the
minimum acceptable level; and means connected with
the timing generator means and the cranking oscillator
means and connected between the fuel injector and the
power source for energizing the fuel injector with the
supply voltage for a predetermined time period in
response to each of the timing pulses and each of the
cranking pulses so that the amount of fuel applied to
the engine during cranking is compensated for varia-
tions in the supply voltage. ‘

7. In an internal combustion engine systém, the com-
bination comprising: a power source for providing a
supply voltage; fuel injection means connected with the
engine for applying fue! to the engine at a substantially
constant rate when energized from the power source;
starter means connected with the engine for cranking
the engine at an output speed directly related to the
supply voltage when energized from the power source;
means including a starter switch connected between
the starter means and the power source for selectively

energizing the starter means with the supply voltage to

crank the engine; timing pulse generating means con-
nected with the engine for producing timing pulses hav-
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ing.a frequency directly related to the cutput speed of

the engine; cranking pulse generating means connected

with the starter means for producing cranking pulses

when the starter means is in the actuated condition, the

cranking pulse generating means. including control

voltage generating means for producing a control volit-

age which alternately increases to an upper control

level at-a positive excursion rate and: decreases to a -
lower control level at a negative excursion rate, the

control voltage generating means including voltage de-

tector means connected with the power source for in-

creasing at least one of the positive and negative excur-

sion rates when the supply voltage decreases below a

minimum acceptable level which indicates that the

energy capacity of the power source is. below normal,

the control voltage defining the frequency of the crank-

ing pulses in direct relation to the positive and negative

excursion rates to‘as to.increase the frequency of the

cranking pulses when the supply voltage decreases .
below the minimum acceptable level; control pulse
generating means connected . with the timing pulse
generating means and with the cranking pulse generat-
ing means for producing control pulses in response to
the occurrence of the timing pulses and the cranking
pulses, the control pulse generating means including
transducer means connected with the engine for deter-
mining the duration of the control pulses as a function
of at least one engine operating parameter; and means
connected with the control pulse generating means and
connected between the fuel injection means and the
power source for energizing the fuel injection means
from the power source for the duration of each of the
control pulses so that the amount of fuel applied to the
engine during cranking and is compensated for varia-
tions in the supply voltage.

8. In an internal combustion engine, the combination
comprising: a power source for providing electrical
energy at a supply voltage; means including at least one
voltage responsive fuel injector connected with the en-
gine for applying fuel to the ‘engine at a substantially
constant rate when energized by the supply voltage;
starter means connected with the engine for cranking
the engine-at an output speed directly related to the
supply voltage when energized from the power source; -
means including a starter switch connected between
the starter means and the power source for selectively
energizing the starter means with the supply voltage to
crank the engine; timing generator means connected
with the engine for producing timing pulses having a
frequency directly related to the output speed of the
engine; cranking oscillator means including oscillator
control means and oscillator switching means con-
nected with the starter means, the oscillator control
means developing a control voltage which varies in a
first directional sénse at a first excursion rate while the
oscillator switching means is in a first state and which
varies in a second directional sense at a second excur-
sion rate while the oscillator switching means is in a
second state, the oscillator switching means assuming
the second state when the control voltage reaches a
first control level in the first diréctional sense and as-
suming the first state when the control voltage reaches

. a second control level in the second directional sense,

the oscillator switching means producing cranking pul-
ses which are initiated when the: oscillator switching
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means assumes one of the first and second states and
which are terminated when the oscillator switching
means assumes the other of the first and second states
thereby to define the frequency of the cranking pulses
as a direct function of the first and second excursion
rates of the control voltage, the oscillator control
means including voltage detector means connected
with the power source for regulating at least one of the
first and second excursion rates of the control voltage
as an inverse function of the supply voltage so that the
frequency of the cranking pulses is inversely related to
the supply voltage when the energy capacity of the
power source is below normal; and means connected
with the timing generator means and the cranking oscil-
lator means and connected between the fuel injector
and the power source for energizing the fuel injector
with the supply voltage for a predetermined time
period 'in response to each of the timing pulses and
each of the cranking pulses so that the amount of fuel
applied to the engine during cranking is compensated
for variations in the supply voltage.

9. In an internal combustion engine, the combination
comprising: a power source for providing electrical
energy at a supply voltage; means including at least one
voltage responsive fuel injector connected with the en-
gine for applying fuel to the engine at a substantially
constant rate when energized by the supply voltage;
starter means connected with the engine for cranking
the engine at an output speed directly related to the
supply voltage when energized from the power source;
means including a starter switch connected between
the starter means and the power source for selectively
energizing the starter means to crank the engine; timing
generator means connected with the engine for produc-
ing timing pulses having a frequency directly related to
the output speed of the engine; cranking oscillator
means connected with the starter means, the cranking
oscillator means including oscillator switching means
responsive to.a control voltage when the starter means
is actuated to switch to a set state as the control voltage
decreases to a lower control level and to switch to a
reset state as the control voltage increases to an upper
control level, the oscillator switching means producing
cranking pulses which are initiated when the oscillator
switching means assumes one of the set and reset states
and which are terminated when the oscillator switching
means assumes the other of the set and reset states, the
cranking oscillator means further including oscillator
control means for applying a control voltage to the
oscillator switching means, the oscillator control means
including a capacitor for defining the control voltage
thereacross, charging means connected to the capaci-
tor for charging the capacitor at a charge rate when the
oscillator switching means is in the reset state, and
discharging means connected to the capacitor for
discharging the capacitor at a discharge rate when the
oscillator switching means is in both the set and reset
states, the charge rate greater than the discharge rate
so that the control voltage increases at a positive excur-
sion rate when the oscillator switching means is in the
reset state and decreases at a negative excursion rate
when the oscillator switching means is in the set state,
the positive excursion rate determined by the charge
rate less the discharge rate and the negative excursion
rate determined by the discharge rate thereby to define
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the frequency of the cranking pulses as a direct func-
tion of the positive and negative excursion rates of the
control voltage, the discharging means including volt-
age detector means connected with the power source
for regulating the discharge rate as an inverse function
of the supply voltage so that the frequency of -the
cranking pulses is inversely related to the supply volt-
age; and means connected with the timing generator
means and with the cranking oscillator means and con-
nected between the fuel injector and the power source
for energizing the fuel injector with the supply voltage
for a predetermined time period in response to each of
the timing pulses and each of the cranking pulses so
that the amount of fuel applied to the engine during
cranking is compensated for variations in the supply
voltage. '

10. In an internal combustion engine system, the
combination comprising: 2 power source for providing
a supply voltage; fuel injection means connected with
the engine for applying fuel to the engine at a substan-
tially constant rate when energized from the power
source; starter means connected with the engine for
cranking the engine at an output speed directly related
to the supply voltage when energized from the power
source; means including a starter switch connected
between the starter means and the power source for
selectively energizing the starter means with the supply
voltage to crank the engine; timing pulse generating
means connected with the engine for producing timing
pulses having a frequency directly related to the output
speed of the engine; cranking pulse generating means
connected with the starter means, the cranking pulse
generating means including switching means respon-
sive to a control voltage when the starter means is in
the actuated condition to switch to a set state as the
control voltage decreases to a lower control level and
to switch to a reset state as the control voltage in-
creases to an upper control level, the switching means
producing cranking pulses which are initiated when the
switching means assumes one of the set and reset states
and which are terminated when the switching means as-
sumes the other of the set and reset states, the cranking
pulse generating means -further including control
means for applying a control voltage to the switching
means, the control means including a capacitor for
defining the control voltage thereacross, charging
means connected to the capacitor for charging the
capacitor at a constant charge rate when the switching
means is in the reset state, and discharging means con-
nected to the capacitor for discharging the capacitor at
a constant discharge rate when the switching means is
in both the set and reset states, the charge rate greater
than the discharge rate so that the control voltage in-
creases at a positive excursion rate when the switching
means is in the reset state and decreases at a negative
excursion rate when the switching means is in the set
state, the positive excursion rate defined by the charge
rate less the discharge rate and the negative excursion
rate defined by the discharge rate thereby to define the
frequency of the cranking pulses as a direct function of
the positive and negative excursion rates of the control
voltage, the discharging means including voltage detec-
tor means connected with the power source for regulat-
ing the discharge rate as an inverse function of the
supply voltage so that the frequency of the cranking
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pulses is inversely related to the supply voltage; control
pulse generating means connected with the timing

pulse generating means and with the cranking pulse

generating means for producing control pulses in
response to the occurrence of the timing pulses and the
cranking pulses, the control pulse generating means in-
cluding transducer means connected with. the engine

for determining the duration of the control pulses as a -

function of at least one engine operating parameter;
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and means connected with the control pulse generating
means and connected between the fuel injection means
and the power source for energizing the fuel injection
means from the power source for the duration of each
of the control pulses so that the amount of fuel applied
to the engine is increased during cranking and is com-
pensated for variations in the supply voltage.
* k. ¥ * ok
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