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[57] ABSTRACT

An otherwise conventional fuel supply system of the
type that includes an engine driven distributor type fuel
injection pump operatively connected to a diesel engine
is modified so as to include a normally closed solenoid
actuated valve means operatively associated with the
inlet passage means of the pump in a location between
the transfer pump of the pump and the injection pump

. means of the pump; an adaptive torque balancing elec-

tronic controlled electric power source being con-
nected to the solenoid actuated valve means, whereby
the solenoid actuated valve means is operative to sup-
plement the metering valve control of fuel flow from
the transfer pump to the injection pump means whereby
the fuel flow to the injection pump means and from the
injection pump means to each of the respective injection
nozzles for each of the cylinders is controlled as a func-
tion of engine operation and the incremental speed dif-
ference per preselected degrees of movement among
the respective cylinders of the engine.

5 Claims, 12 Drawing Figures
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DIESEL FUEL INJECTION PUMP WITH
ADAPTIVE TORQUE BALANCE CONTROL

FIELD OF THE INVENTION

This invention relates to a distributor type diesel fuel
injection pump for use with a multicylinder engine and,
in particular, to a such type pump that is operative to
supply fuel to the respective cylinders of an engine
whereby to effect substantial torque balanced output
from the cylinders.

BACKGROUND DESCRIPTION

The desirability of obtaining equal torque output
from each cylinder of a multi-cylinder internal combus-
tion engine has long been recognized. For this purpose
it has recently been proposed, as disclosed, for example,
in the SAE Publication 820207 entitled Digital Analy-
zer for Internal Combustion Engines by C. K. Leung
and J. J. Schira, or, as disclosed in Research Disclosure
No. 18002 published in Research Disclosure, April
1979, to use engine cylinder variation to control cylin-
der-to-cylinder fuel distribution so as to obtain substan-
tially equal torque contributions from each cylinder in a
multi-cylinder engine.

As disclosed in these publications, for diesel engines
and spark ignition engines with A/F ratios greater than
13.8, a slight increase in fuel supplied to a cylinder will
increase the torque produced by that cylinder. Accord-
ingly, the output of each cylinder is compared with the
average output of all cylinders to determine the amount
of correction needed for each cylinder. As an example,
for this purpose engine speed variations between the
individual cylinders are measured because the relative
magnitudes of the individual cylinder outputs can be
obtained by measuring the cylinder-to-cylinder ampli-
tude variation of the speed variation signal. These sig-
nals are then used, as in an electronic fuel injection
system of the type with an onboard computer, to con-
trol fuel flow to the respective cylinder in a manner to
provide substantial equal torque output among the cyl-
inders.

SUMMARY OF THE INVENTION

The present invention relates to a rotary distributor
type fuel injection pump for use on a multi-cylinder
compression ignition engine having the usual governor
controlled mechanical metering valve used to regulate
the flow of fuel from a transfer pump through an inlet
passage to the injection pump of the unit and which, in
addition, includes a normally closed solenoid actuated
valve associated with the inlet passage and, an adaptive
torque balancing electronic controlled electric power
source connected to the solenoid actuated valve. The
solenoid actuated valve is operative to supplement the
metering valve control of fuel flow to the injection
pump and thus the pressurized flow of fuel from the
injection pump to each of the injection nozzles for the
respective cylinders is controlled as a function of engine
operation and the incremental speed difference per pre-
selected degrees of movement among the respective
cylinders of the engine whereby to obtain substantial
balanced output from the cylinders.

Accordingly, a primary object of the invention is to
provide an improved rotary distributor type fuel injec-
tion pump for use on a multicylinder engine wherein a
solenoid actuated valve connected to an adaptive
torque balancing electronic controlled electric power
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source is operative to tailor the fuel output from the
injection pump so as to provide combustion control on
an individual cylinder basis.

Another object of the invention is to provide means
on an otherwise conventional type rotary distributor
fuel injection pump as used on a multi-cylinder engine
for tailoring the fuel output from the pump on a cylin-
der-to-cylinder basis so as to obtain substantial torque
balanced output from the cylinders of the engine.

For a better understanding of the invention as well as
other objects and further features thereof reference is
had to the following detailed description of the inven-
tion to be read in connection with the accompanying
drawings.

BRIEF DESCRIP'TION OF THE DRAWINGS

FIG. 1 is a schematic pump circuit view of a rotary
distributor type fuel injection pump for use with a mul-
ti-cylinder engine, the pump having incorporated
therein a solenoid actuated valve controlling fuel flow
in'series with the usual mechanical metering valve con-
trolled inlet passage from a transfer pump to the injec-
tion pump element of the pump unit;

FIG. 2 is a schematic view of a rotary distributor type
fuel injection pump similar to that of FIG. 1, but having
incorporated therein a solenoid actuated valve con-
trolled fuel passage, located in parallel with the usual
mechanical metering valve, for controlling fuel flow
through the inlet passage means connecting the transfer
pump to the injection pump element of the pump unit;

FIG. 3 is a schematic block diagram of an engine
driven rotary distributor fuel injection pump with sole-
noid actuated valve and associate diesel engine and
having an adaptive torque balancing electronic con-
trolled electric power source connected to the solenoid
actuated valve;

FIG. 4 is a graph of the cylinder RPM speed varia-
tions of a 6-cylinder engine at various time intervals, the
approximate top dead center (TDC) position of the
respective cylinders of the engine being shown;

FIG. 5 is a diagram of the base pulse width signals
that may be applied, in one embodiment to the solenoid
actuated valve in the pump embodiment of FIG. 1;

FIG. 6 is a diagram similar to that of FIG. § but
showing a modified pulse width for the cylinder 2 cy-
cles; .

FIG. 7 is a graph similar to that of FIG. 5§ but with
substantially balanced cylinder speeds indicating sub-
stantially uniform torque output from each of the cylin-
ders;

FIGS. 8 and 8a are graphs of an average, constant
modified pulse signal applied to the solenoid actuated
valve of the pump embodiment of FIG. 1 and of this
signal modified by positive and negative fuel fill modifi-
ers, respectively;

FIG. 9 is an adaptive cylinder balance functional
diagram showing, by way of example, how the fuel
reduction to the cylinder 2 of an engine is obtained in
the fuel pump embodiment of FIG. 1 by a negative fill
modifier as shown in FIG. 8¢, and,

FIGS. 10 and 10z are graphs similar to those of
FIGS. 8 and 84, respectively but applicable to actuation
of the solenoid actuated valve of the pump embodiment
of FIG. 2.



4,539,956

3

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring first to FIG. 1, the subject adaptive torque
balance control mechanism of the invention is shown as
being incorporated into an engine driven rotary distrib-
utor fuel injection pump 5, of a type similar to that
disclosed, for example, in U.S. Pat. No. 3,861,833 enti-
tled “Fuel Injection Pump” issued Jan. 21, 1975 to Dan-
iel Salzgeber, Robert Raufeisen and Charles W. Davis,
that is operative to supply pressurized fuel sequentially
to a plurality of fuel injectors associated with the cylin-
ders of an engine.

In the above-identified type pump, fuel from a supply
tank 10 is delivered at a predetermined pressure, as a
function of engine speed, from the outlet of an engine
driven transfer pump 11 to an inlet supply passage 12
having a metering valve chamber 14 therein. A throttle
lever, not shown, operator actuated and governor 15
controlled mechanical metering valve 16 is operatively
positioned in the metering valve chamber 14, to provide
a variable restriction whereby to control the flow of
fuel through the downstream portion 17 of the supply
passage 12 which is suitably connected in a known
manner to a rotor passage 18 in the distributor rotor 20
whereby to supply fuel to the pump chamber 21a of the
injection pump means 21 portion of the pump unit.

As schematically shown, the high pressure injection
pump means 21 includes a pair of opposed reciprocating
plungers 22, the movement of which is controlled by
circumferentially spaced apart, inwardly directed cam
lobes 23a on a cam ring 23. As is well known in the art,
the cam ring 23 is mounted for limited angular move-
ment in a circular bore of the pump housing 24.

As is conventional in this type pump, the rotor pas-
sage 18 sequentially registers with the passage portion
17 of the supply passage 12 as the distributor rotor 20
rotates at a time interval when the pump plungers 22 are
free to move radially outward whereby the pump cham-
ber 21a can be normally supplied with a charge of fuel
as. determined by the control setting of the metering
valve 16. Continued rotation of the distributor rotor 20
interrupts the communication between the rotor pas-
sage 18 and the passage 17 and, then, when the pump
plungers 22 operatively engage the rise of the cam lobes
of cam ring 23, the pump plungers 22 are forced in-
wardly so as to pressurize the fuel contained in the
pump chamber 21a to a high injection pressure.

The thus pressurized fuel in the pump chamber 21a is
then delivered by the rotor passage 18 to one of a series
of passages 24a, only one being shown, positioned in
circumferentially spaced apart relationship to each
other in the pump housing 24 around the distributor
rotor 20 for sequential registry with the rotor passage
18, in a known manner, so as to effect the delivery of a
charge of fuel from the pump chamber sequentially to
the injection nozzles 25, only one being shown, that are
associated with cylinders of the associated engine.

In a known manner, the outlet of the transfer pump 11
is also connected by a passage 26 to the inlet of a fuel
chamber 27, the outlet of which is connected by a pas-
sage 28 so as to vent air and to supply fluid to the inte-
rior of the pump housing 24 whereby to provide for the
lubrication of the various components of the pump
mechanism mounted therein. The flow of fuel from the
fuel chamber 27 out through the passage 28 is con-
trolled by means of a vent wire assembly 30 in a manner
known in the pump art.
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Fuel thus supplied to the interior of the pump housing
24 for the lubrication of the pump elements is then re-
turned via a return line 31 to the fuel tank 10. As shown,
the fuel return line 31 has a pressure regulator 32 incor-
porated therein whereby the fuel within the pump hous-
ing can be maintained at a predetermined low pressure
relative to the pressure of fuel as supplied by the trans-
fer pump. This pressure within the pump housing is
normally referred to as the housing pressure. Also, as
shown, a spring biased pressure regulating valve 33 is
provided to control the output from the transfer pump
11 to a predetermined maximum value, the return line
from this valve returning fuel to the inlet side of the
transfer pump downstream of a fuel filter 34, shown as
being located downstream of a fuel supply pump 35.

To vary the timing of injection of the fuel into the
associated cylinders of the engine, the cam ring 23 is
rotated to adjust the angular position of the cam lobes
thereon by means of a suitable automatic advance or
timing control mechanism 36. A solenoid 37, opera-
tively associated with the linkage member between the
governor 15 and metering valve 16, is electrically oper-
able to effect shut-off of the fuel metering valve 16 upon
engine shut-down.

The pump unit 5 as thus far described and schemati-
cally shown is of a known conventional type as dis-
closed, for example, in the above-identified U.S. Pat.
No. 3,861,833. Fuel injection pumps of this type and
modifications thereof are presently used in certain com-
mercially available diesel engine powered passenger
vehicles. For a more detailed description of the above-
identified pump components, reference is made to said
U.S. Pat. No. 3,861,833 the disclosure of which is incor-
porated herein by reference thereto.

In a pump structure of the type thus far described, the
amount of fuel supplied to the injection pump means 21
and thus to the respective injection nozzles 25 is nor-
mally regulated by fuel metering valve 16 which oper-
ates as a throttle valve to regulate fuel flow to the pump
chamber 21a during each suction stroke cycle of the
plungers 22.

However, in a fuel injection system of the type, for
example, using such a fuel injection pump and nozzle
arrangement whereby fuel is injected sequentially and
substantially directly into the respective cylinders of a
diesel engine, the fuel delivered during so-called steady
state operating conditions may vary from cylinder-to-
cylinder, resulting in speed variations among the cylin-
ders. These variations may result from various operat-
ing variations such as, for example, variations in the
injection pump, lines or in the injection nozzles. Other
sources of the speed variation may include the compres-
sion or friction characteristics of one or more cylinders
relative to other cylinders. As a result of such varia-
tions, for example, in the fuel being delivered to the
various cylinders, a torque imbalance between cylinders
exists which, particularly at lower RPM values, effects
engine operation. In order to reduce idle RPM in the
interest of economy and emissions, it is desirable to
improve the torque balance of the engine.

For this purpose and in accordance with the inven-
tion, a solenoid actuated valve 40 is operatively associ-
ated with the inlet supply passage means 12 used to
supply fuel to the injection pump means and, the opera-
tion of this solenoid actuated valve 40 is controlled by
an adaptive torque balancing electronic control means
in a manner to be described in detail hereinafter. In the
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construction shown, this valve 40 is a normally closed
valve.

In the pump embodiment shown in FIG. 1, the sole-
noid actuated valve 40 is located in series with the por-
tion of the inlet supply passage 12, having the metering
chamber 14 and associate metering valve 16 therein, at
a location upstream, in terms of the direction of fuel
flow, from the metering valve 16. Accordingly, this
pump embodiment § of FIG. 1 will hereinafter be re-
ferred to as the series pump embodiment.

An alternate embodiment of a rotary distributor in-
jection pump, generally designated 5, in accordance
with the invention is schematically shown in FIG. 2
wherein similar parts are designated by similar numerals
but with the addition of a suffix (prime) where appropri-
ate. In this alternate embodiment there is provided a
secondary inlet supply passage 41 which has its up-
stream end, in terms of fuel flow, connected in fluid
flow to the inlet supply passage 12 upstream of the
metering chamber 14 and which has its opposite end
connected to the supply passage 12 downstream of the
metering chamber 14 as by being in fluid flow commu-
nication with the portion 17 of the supply passage 12, as
shown.

In the construction of this embodiment, a normally
closed solenoid actuated valve 40’ is operatively posi-
tioned to control fuel flow through the secondary inlet
supply passage 41 located in parallel with the metering
valve 16. Accordingly, this pump 5’ embodiment of
FIG. 2 will hereinafter be referred to as the parallel
pump embodiment.

As best seen in FIG. 3, the solenoid actuated valve 40
or the series pump embodiment of FIG. 1 or 40’ of the
parallel pump embodiment of FIG. 2 is operatively
connected to an adaptive torque balancing electronic
controlled source of electrical power that is operative,
in a manner to be described in detail hereinafter,
whereby the solenoid actuated valve can be energized
and deenergized, as desired, for a purpose to be de-
scribed.

For this purpose and with reference to the embodi-
ment of the control system shown in FIG. 3, a crank-
shaft position sensor, such as a magnetic pickup 50 is
located adjacent to a toothed wheel 51 which, in the
construction illustrated, is connected to the crankshaft
52 of an engine 53. This magnetic pickup 50 is used
during engine operation to sense speed variations by the
measurement of time intervals between a number of
gear teeth on the wheel 51, that is, between preselected
degrees of wheel 51 rotation, as desired, for each of the
cylinders, not shown, of the engine. As is well known,
each time interval between a preselected number of
gear teeth is inversely proportional to speed.

In a typical application which has been used on an
even firing V6 diesel engine (120 degrees between cyl-
inder firings) the times were measured from TDC to 60
degrees ATDC and from 60 to 120 degrees ATDC. The
difference between the two time measurements was
used to infer the relative acceleration for each cylinder.
It should be appreciated that the two measurement
angular intervals need not be exactly equal, but that the
angle intervals must be the same for all cylinders.

A high frequency oscillator and counter means, not
shown, receives the pulses generated by the magnetic
pickup 50 and is adapted to provide a cylinder speed
measurement signal to a conventional electronic con-
troller 54, for example, an onboard programmed digital
computer. The electronic controller 54 is operative to
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6
provide signals to a solenoid driver 55 used to electri-
cally power the solenoid valve 40.

Before describing the detailed function of the above,
reference is first made to FIG. 5 wherein there is illus-
trated an example of a first embodiment power system
wherein the base pulse width of the energization signal
to the solenoid actuated valve 40 during each fill cycle
of fuel delivery to the pump chamber 21¢ of the pump
means 21 is a constant as for an injection pump 5 used to
supply fuel to the cylinders of a 6-cylinder engine. With
reference to the series pump embodiments of FIG. 1,
this base pulse width, in a first program embodiment, is
programmed to correspond to the fill time cycles of the
injection pump so that the actual fuel delivery to the
pump chamber 21a during each suction stroke of the
plungers 22 is, in effect, controlled solely by the gover-
nor controlled fuel metering valve 16 in a normal man-
ner for each of the 6 cylinders.

However, during the above described pump opera-
tion, when the fuel flow is controlled solely by the
metering valve 16, as a result of the imbalances, for
example, in the fuel supply system, the fuel delivered to
each of the cylinders may vary from one another result-
ing in a variation in the torque output among the vari-
ous cylinders. This torque imbalance results in detect-
able variations in the speeds among various cylinders as
shown in FIG. 4.

In the FIG. 4 illustrative example, the cylinder speeds
are shown, as for a 6-cylinder diesel engine, with again,
by way of an example, the speeds of cylinders 1, 3, 4, 5
and 6 shown as being substantially uniform and the
speed of cylinder 2 illustrated as being greater than that
of the remaining cylinders. This FIG. 4 illustrates
graphically, the speeds of the cylinders as the associate
piston therein moves toward and away from its top
dead center position in each cylinder. Thus with refer-
ence to this example, the speeds and accordingly the
torque output from each of cylinders 1, 3, 4, 5 and 6 is
substantially equal, whereas that of cylinder 2 is shown
graphically as being greater than that of the remaining
cylinders and accordingly greater than the average of
all cylinders.

In the embodiment disclosed, the relative cylinder
acceleration is inferred by measuring the time differ-
ence for two approximately equal, angular intervals
between combustion events. The approach which has
been used, for example, on an even firing V6 diesel
engine (120 degrees between cylinder firings) was to
measure the time from TDC to 60 degrees ATDC and
from 60 to 120 degrees ATDC. The difference between
the two time measurements is used to infer the relative
acceleration for each cylinder. The average time differ-
ence of all the cylinder measurements is calculated and
used to remove any bias factors due to overall engine
acceleration or location of the measurement angle inter-
vals on the crankshaft speed waveform. The cylinder
relative acceleration is then calculated based on the
time difference and the average of the time difference
measurements.

Relative
Cylinder;Acceleration = (T~ T2)—Average
(T1—T2)

T: Time for an initial portion of the angle interval
between combustion events for cylinder; and cylin-
der;+1 (typically TDC to 60 DEG ATDC for a six
cylinder)















