. USOORE34211E
United States Patent 99 e Patent Number: Re. 34,211
Kuroiwa et al. [45] Reissued Date of Patent: Apr. 6, 1993
[S4] AIR-FUEL RATIO DETECTING SENSOR [56] References Cited
[75] Inventors: Hiroshi Kuroiwa, Hitachi; Yoshishige U.S. PATENT DOCUMENTS
Oyama, Katsuta, both of Japan 3,067,610 12/1962 Bockemuehl et al. ... 73/35 X
- : | 4,358,952 1171982 Maureretal. ......vrreeeriicnnneen 73/35
[73] Assignee: Hitachi, Ltd., Tokyo, Japan 4381748 5/1983 Eckertetal. .............. 73/116 X
[21] Appl. No.: 603,008
‘1o . 1990 Primary Examiner—Jerry W. Myracle
22] Filed: Oct. 25, Attorney, Agent, or Firm—Fay, Sharpe, Beall, Fagan,
Related U.S. Patent Documents Minnich & McKee
Reissue of: [57] ABSTRACT
[64]  Patent No.; 4,779,455 An air-fuel ratio detetting combustion sensor. Combus-
Issued: Oct. 28, 1988 ) , . .
. tion light signals of two given waveform bands are
Appl. No.: 81,847 : : : .
Filed: Aug. S, 1987 photoelectrically converted into corresponding electri-
' - cal waveform signals. On the basis of phase difference in
[30] Foreign Application Priority Data time points at which the two signals are generated,
Aug. 13, 1986 [JP) Japan .......... eeenereans ceene 61-188506  Tespectively, the air-fuel ratio is arithmetically deter-
[51] LNt CL5 ooooeeeeeeeeeeeeeeeereeessraess e GOIM 15,00  uned
[52] U.S. Cl .ottt cranseren 73/116
(58] Field of Search ..................... 73/116, 35; 123/494 23 Claims, 12 Drawing Sheets
7
CONTROLLER

IGNITOR

A A S i —




Re. 34,211

11N24I1D

ONISSIO0

TUNDIS
LHOIT

HOLINO! -
9

Sheet 1 of 12

Apr. 6, 1993

U.S. Patent



Re. 34,211

Sheet 2 of 12

U.S. Patent

=
- -

FIG. 2

/1

@©

% U . . W .

SNE

\

& -

y - 4

I~

FiW AV A Ve e

A 3 N

AT T .lr”/v S N

‘! “.“.“!

e [ AGEGRN

rzTr 2 2 7 D e e r )

yF rFy 7 F

?

L a o af o F-_* ¥ ¥ ¥ ¥ §
priongyduiuiimgimmppmeggrigeegr g = . sl

-‘.1. l‘.‘\“hﬂt“t‘h“‘? llllllllllll

NS SN ST

l....l._. W A A S5 2 W 4

22272 7777 7 7

R _ & JJ J

‘u.!"l..""l
\\\\i\l\




U.S. Patent Apr. 6, 1993 Sheet 3 of 12 Re. 34,211

FIG. SA

TOP DEAD CGWBUST!ON

CENTER (TDC)
oF PSTON EEEK (Pp)

IGNITION PULSE '}
SIGNAL
N

PEAK
atl TIME PONT B
l at2

COMBUSTION WAVELENGTH At =490nm

IGHT SIGNAL ‘i A2 =750nm
Fi F2

TIME (ms)

TDC SIGNAL




U.S. Patent Re. 34,211

Apr. 6, 1993 Sheet 4 of 12

FIG. 4

Aty , At2 (ms)

0 | 15 20
A/F
"Fl1G. 6
o
°
D
<]
0
o 5 20

A/F



U.S. Patent Apr. 6, 1993 Sheet 5 of 12 Re. 34,211

FIG. S

30
25
>
> 20
N
w15
s
10
5
%0

- A/F



U.S. Patent Apr. 6, 1993 Sheet 6 of 12 Re. 34,211

ol

~| 38 7

-

-
o o

- d
= -
o
o=
o
&

o
E x

vy

g'.;

oD
4
o=
PHOTOELECTRIC L3
TNVERSIONCKT ~ s
PHOTOELECTRIC yi; -UP TIME =
OONVERSION CKT DE ECTI,?N =
¥ D

29

VR2 3|




U.S. Patent Apr. 6, 1993 Sheet 7 of 12 Re. 34,211

8% 1

(a)
(b) —‘?/\_WOF
= T 29
(c) i } OUTPUT OF
ol

3

(f)




U.S. Patent

Apr. 6, 1993 Sheet 8 of 12 Re. 34,211

(a)

VR — OUTPUT OF

(b)

(c)

(d)
(e)

(f)



Sheet 9 of 12 Re. 34,211

U.S. Patent Apr. 6, 1993

FI1G. |0

(a)

(c)

(e)

(f)




Re. 34,211

M-8

/ T =

- 18
: — T8 ¢
. S - g <
3 — < T e 3
. . S~ ", T 18 &
& = ~ || & A T 2
|2 . _—--.Im ]
O \| & O B o~
L = n " o 3 £

2 1 11

TR T
““n“““nllﬁmm-ln-

O O 0 M
0N M 2

Apr. 6, 1993

T N 3
8

ALIAILISNGS JAILY 134
ALIAILISNIS TWvH103dS

U.S. Patent



U.S. Patent Apr. 6, 1993 Sheet 11 of 12 Re. 34,211

2
|>_' Al
>
§ C D
ta
—
400 600 800 i000

WAVELENGTH A (nm)

FIG. |4

40, 39




9~ HOLINOI . ¢~ 40103rNI

Re. 34,211

11NJOH1D
wz_mmwoomn_

Sheet 12 of 12

Apr, 6, 1993

HOSN3IS OIlvH 4/V 8
(HOSNZS ‘dAEL LM | |
YOSNIS MOd-NIV Ol

U.S. Patent



Re. 34,211

1
AIR-FUEL RATIO DETECTING SENSOR

Matter enclosed in bhesvy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

BACKGROUND OF THE INVENTION

The present invention relates generally to an appara-
tus for detecting combustion flame light in an internal
combustion engine and more particularly to a sensor for
detecting the air-fuel ratio of combustion gas mixture on
the basis of spectral characteristics of the combustion
light.

Various approaches have heretofore been made to
extract externally the combustion flame light signal
produced within the engine for utilizing as information
concerning the combustion. By way of example, optical
ignition timing detection system is actually adopted in
diesel engines and others.

On the other hand, there is disclosed in JP-A-No.
58-82039 a system for determining the air-fuel ratio by
detecting light intensities emitted by combustion within
the engine and by making use of the intensity ratios.
However, in this prior known system, no appropriate
measures are adopted for coping with the changes in
transmittivity of a combustion light detecting element
face due to dirt or contamination. Consequently, diffi-
culty i1s encountered in detecting the air-fuel ratio with
a satisfactorily high accuracy.

More specifically, the hitherto known air-fuel ratio
detecting system is operative on the basis of the ratio of
intensities of combustion flame light having particular
wavelengths suffers from various shortcomings such as
change in the transmittivity of the distinct light wave-
lengths due to deposition on the detecting end face,
variation in the intensity ratio brought about by heat
radiation under high environmental temperature condi-
tion, whereby the detection of air-fuel ratio with satis-
factorily high accuracy is rendered essentially impracti-
cal.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an
air-fuel ratio sensor system for an internal combustion
engine which system is capable of detecting the air-fuel
ratio with significantly improved accuracy by deter-
mining the air-fuel ratio on the basis of distinct electrical
wavelength signals derived through photoelectric con-
version from the combustion flame light produced
within the combustion chamber is every combustion
cycle or by averaging over several cycle for each of
engine cylinders.

According to an aspect of the present invention, light
signals of two distinct wavelength regions derived from
the combustion flame light produced in the combustion
chamber are utilized for detecting in terms of the engine
crank angle the phase difference in the time points at
which the two distinct wavelength signals are pro-
duced, respectively, wherein the corresponding air-fuel
ratio is determined by reading out relevant information
from a memory which stores therein previously estab-
lished relations or correspondences between the phase
differences and the air-fuel ratios or alternatively
through arithmetical determination based on the rela-
tion read out from the memory. In other words, accord-
ing to the invention, the fact is made use of that the
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f 2
intensities of particular light wavelengths produced by
combustion within the engine can vary in the level due
to various factors mentioned hereinbefore but undergo
no adverse infuence in respect to the time points at
which the light wavelengths in concern are generated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a view showing schematically a main por-
tion of an internal combustion engine to which the air-
fuel ratio sensor system according to the invention can
be applied;

FIG. 2 is a view showing a structure of an end piece
of the air-fuel ratio sensor system according to an em-
bodiment of the present invention;

FIGS. 3A and 3B are views for illustrating graphi-
cally the results of spectra analysis of light produced by
the combustion of air-fuel mixture;

FIG. 4 is a view for illustrating graphically relation-
ships of peak time points of specific wavelength signals
to the air-fuel ratio (A/F);

FIG. 8 is a view for illustrating graphically character-

istics of the wavelength signals;

FIG. 6 is a view for illustrating rélationships between
the air-fuel ratio and the phase difference angle (Af)
intervening between the time points at which two dis-
tinct light wavelength signals are produced, respec-
tively;

FIGS. 7A, 7B and 7C are views showing, respec-
tively, systems for splitting and processing two distinct
light wavelength signals for determining the air-fuel
ratio according to exemplary embodiments of the inven-
tion:

FI1GS. 8, 9 and 10 are signal waveform diagrams for
illustrating signal processing procedures taking place in
the systems shown in FIGS. TA, 7B and 7C, respec-
tively;

FIGS. 11 and 12 are views for illustrating spectral
sensitivities of photoelectric conversion elements;

FI1G. 13 is a view for graphically illustrating filter
characteristics of an optical interference filter;

FIG. 14 is a view showing a partial modification
which can be adopted in the systems shown in FIGS.
7A, 7B and 7C; and

FIG. 15 is a view showing a functional structure of
controller which can be employed in the system accord-
ing to the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the following, the present invention will be de-
scribed in detail in conjunction with exemplary embodi-
ments thereof with reference to the accompanying
drawings.

FIG. 1 shows a general arrangement of an air-fuel
ratio sensor system for an internal combustion engine
according to an embodiment of the present invention
which system is composed of a combustion flame light
detecting endpiece 1 mounted in a combustion chamber
3 of an engine 2 50 as to be exposed to the intenior of the
combustion chamber 3, an optical fiber cable 4 having
one end connected to the combustion light detecting
endpiece 1 for transmitting combustion light signal de-
rived therefrom and a light signal processing circuit 5
coupled operatively to the optical fiber cable 4 at the
other end thereof.

The combustion light detecting endpiece 1 can be
preferably realized integrally with an ignition plug as
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shown in FIG. 2 so as to serve also for the function of
the i1gnition plug. To this end, the combustion light
detecting endpiece 1 is supplied with an ignition pulse
signal from a controller 7 constituted by a microproces-
sor through an ignition control system 6.

The combustion light signal applied to the light signal
processing circuit 8§ undergoes photoelectric conver-
sion, the resulting electric waveform signal being ap-
plied to the controller 7 which is additionally supplied
with various information signals such as the air-fuel
ratio signal produced by an O;-sensor (inherent air-fuel
ratio sensor) 8, a throttle-valve opening-degree signal
produced by a sensor or switch 9 for detecting the
opening degree of a throttle valve, an air-flow signal
detected by an air-flow sensor 10, an engine coolant
temperature signal produced by a water temperature
sensor 11, an engine rotation number signal detected by
a rotation sensor 12 (such as crank angle sensor, top-
dead center sensor or the like), a crank angle signal and
others. These input signals are arithmetically processed
by the controller 7 to determine the optimum amount of
fuel supply, the optimum ignition timing and other pa-
rameters, whereby corresponding control signals are
produced as the output sinnals of the controller 7. The
fuel is thus injected into the engine in the optimum
amount through a fuel injection 13 in response to the
corresponding control signals supplied from the con-
troller 7. In this connection, it should be mentioned that
although the system shown in FIG. 1 is assumed to be
applied to a multi-point fuel injection system, the inven-
tion can be equally applied to other fuel injection sys-
tem such as carburetor system, single-point fuel injec-
tion system and others. Further, although a direct air-
flow measuring system including the air-flow sensor 1s
assumed to be adopted in the system shown in FIG. 1,
it is however apparent that there can be employed any
suitable system such as a speed density system for arith-
metically determuning the intake air flow on the basis of
the number of engine rotation and the negative (vac-
uum) suction pressure, a system for arithmetically deter-
mining the intake air-flow on the basis of the number of
engine rotation and the opening degree of the throttle
valve and the like. |

FIG. 2 shows in a sectional view a main portion of
the integral structure of the combustion light detecting
endpiece realized integrally with the ignition plug. Re-
ferring to the figure, the integral structure includes a
center electrode 21 of the ignition plug, and a quartz
glass fiber 14 having a diameter on the order of 1.0 to
1.5 mm and extending through the structure along the
center axis of a high voltage terminal member 22 for
serving as a light conductor. The center electrode 21,
the high-voltage terminal member 22 and the optical
glass fiber 14 are fixedly secured to an electrically insu-
lating isolator sleeve 15 at a sealed portion 16 of an
electrically conductive glass seal material through ther-
mal fusion. The combustion flame light caught by the
quartz glass fiber 14 is introduced to an optical fiber
cable 18 having a high flexibility through a coupler or
connector 17 to be ultimately fed to the light signal
processing circuit S. The connector 17 serves also as the
means for receiving a high voltage for the ignition plug.
More specifically, the high voltage supplied through a
high voltage conductor 19 is applied to the center elec-
trode 21 by way of the aforementioned connector. A
reference numeral 20 denotes a protection cover for
insulating or protecting the surface of the insnlator 13
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4
against creeping discharge otherwise possibly produced
under a high voltage.

FIG. 3A shows waveforms of signals generated by a
photomultiplexer 24 as the result of the photoelectric
conversion of light intensities for given wavelength
components of the combustion light introduced to a
diffraction grating type spectrometer 23 from the com-
bustion light detecting endpiece 1 through the optical
fiber cable 4. Since the combustion can take place only
intermittently in the engine and the state of combustion
may vary more or less from cycle to cycle, the signal
waveforms shown in FIG. 3A are plotted on the basis of
data obtained through sampling and by averaging over
every lé-cycle interval. The waveform components
illustrated in FIG. 3 are extracted at the wavelengths A
of 450 nm located in the visible light range nearer to the
ultraviolet region and at the wavelengths A2 of 750
located in the vicinity of the infrared region.

Referring to FIG. 3A in further detail, the ignition
pulse signal is applied to the ignition plug before the
piston attains the top dead center TDC 10 cause spark
discharge to take place, whereupon a flame nucleus is
formed, which grows within a relatively short time to
such extent that combustion of the whole air-fuel mix-
ture within the combustion chamber begings. At this
time point, the combustion pressure within the combus-
tion chamber increases abruptly, whereby the piston is
furnished with energy in an amount enough to perform
reciprocation. Further, at the beginning of combustion,
the combustion light intensity rises up to a peak at a
substantially same time point as the peak of the combus-
tion, being followed by a progressively falling trail. In
this connection, it has been experimentally established
that the time points A and B at which the combustion
light signal waveforms (corresponding to those indi-
cated by A and A, respectively) attain respective peaks
vary relative to the time point P, where the peak of the
combustion pressure signal makes appearance as a func-
tion of the air-fuel ratio of the gas mixture supplied to
the combustion chamber. More specifically, when the
time difference between the peak time points A and P
of the light signal having the wavelength A; (—450 nm)
and the combustion pressure, respectively, is repre-
sented by At; with the time difference between the peak
time point B of the signal waveform Az(=750 nm) and
the peak time P, being represented by Aty, it has been
found from the experimental measurements that there
exist such correlations as illustrated in FIG. 4 between
the air-fuel ratio (A/F) and the time differences 41 and
A, respectively. As will be seen in FIG. 4, the phase or
time difference A; goes negative as the air-fuel ratio
A/F is increased, i.e. the peak of the light signal A;
makes appearance at an earlier time point than the peak
of the combustion pressure occurring at the time point
Pp. On the other hand, the time (phase) difference A:
becomes greater as the air-fuel ratio (A/F) is increased,
i.e. the light signal A attains the peak with a delay rela-
tiVe to the peak time P, of the combustion pressure. In
other words, it is believed that when the air-fuel ratio
(A/F) 15 high, the light signal of waveform A; (=450
nm) representative of the flame rich in blue is first pro-
duced, which is then followed by generation of light
signal of wavelength A; (=750 nm), 1.e. generation of
flame rich in red. However, no correlation i1s found
between the tendency mentioned above and the peak
values F; and F3 (FIG. 3A) of the light signals A; and A2,
as will be seen from FIG. § in which the peak values F,
F, are plotted as a function of the air-fuel ration (A/F).
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More specifically, the peaks Fi and F> assume respec-
tive maximum values in the vicinity of the theoretical
air-fuel ratio and are decreased as the fuel air-ratio is
increased or decreased from the theoritical air-fuel ra-
tio.

As will now be appreciated, the peak time point of
the light signal of given particular wavelength varies in
dependence on the air-fuel ratio. However, the peak
time of the combustion pressure as a reference time
point is of less utility for practical applications. In this
conjunction, there exist however the following rela-
tions:

At=At). Ats, and A0=fAt, N)

FIG. 6 illustrates graphically a relation between the
air-fuel ratio (A/F) and A@ which represents the phase
difference (degree) of the engine crank angle derived
from the time differences Aty and Aty on the basis of the
relation mentioned above. Although the relation is non-
linear, definite characteristic of the quantity A@ for the
air-fuel ratio (A/F) can thus be determined. Accord-
ingly, 1n the combustion sensor system under consider-
ation, the air-fuel ratio can thus be arithmetically deter-
mined on the basis of the quantity A8 by means of the
controller constituted by a microprocessor, which
quantity A9 can also be arithmetically derived. Paren-
thetically, experiments were conducted for a number of
light signals having wavelength differing from Aj
(=450 nm) and A; (=750 nm) in addition to the latter
and coincidence has been found in the overall tendency
described above among the various light wavelengths
although difference is found in terms of the absolute
value. Accordingly, the two distinct ight wavelengths
are basically not limited to any specific wavelength
values.

FIGS. TA, 7B and 7C are block diagrams showing,
respectively, system arrangements for splitting the com-
bustion flame light into two specific wavelengths and
processing the light signals with the aim for accomplish-
ing the intended object of the invention starting from
the experimentally established fact elucidated above.

Referring to FIG. 7A, the combustion light signal
transmitted through the optical fiber cable 25 is split
into two wavelength components A and A; and applied
to photoelectric conversion elements 26 and 27 which
may be constituted by phototransistors, photodiodes or
the like and which exhibit maximum sensitivities in the
wavelength bands corresponding to the aforementioned
wavelengths A1 and Az, respectively. After having been
processed by photoelectric conversion circuits 28 and
29, respectively, the electric signals resulting from the
above mentioned photoelectric conversion are differen-
ciated by associated differentiating circuits 89 and 60,
being followed by detections of the respective peaks by
associated peak detection circuits 61 and 62, respec-
tively, whose output signals are supplied to a phase-dif-
ference pulse signal generating circuit 38 to produce a
pulse-coded phase difference signal which is then sup-
plied to the controller 7 constituted by a microcom-
puter.

The system shown in FIG. 7B differs from the one
shown in FIG. 7 in that the outputs of the circuits 28
and 29 are applied to rise-up time point detecting cir-
cuits 30 and 31, respectively, in view of the fact that
both the output signals produced by the circuits 28 and
29 bear a substantially similar tendency to each other in
respect to the relation between the signal peak and the
rise-up time point. The pulse-coded signals produced by
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6

the circuits 30 and 31 and representing the rise-up time
points of the respective input signals are then applied to
the phase difference pulse generating circuit 38 where
the phase difference between both signals is detected
and pulse-coded. The output signal of the circuit 38 s
supplied to the controller 7.

The system arrangement shown in FIG. 7C differs
from the one shown in FIG. 7A in that peak hold cir-
cuits 32 and 33 followed by reset circuits 34 and 35.
respectively, are connected to the photoelectnic conver-
sion circuits 28 and 29, respectively, whereby the
shaped peak-hold waveforms are derived from the sig-
nals outputted by the circuits 28 and 29, respectively,
and supplied to the associated peak time detection cir-
cuits 36 and 37 for detecting the peak time points of the
respective input signals. The output signals of the cir-
cuits 30 and 31 are applied to the phase difference pulse
signal generating circuit 38 which produces a pulse-
coded signal representative of the phase difference be-
tween the input signals thereto, the pulse-coded signal
being then supplied to the controller 7.

FIG. 8 is a signal waveform diagram for illustrating
the signal processing procedure performed by the sys-
tem shown in FIG. TA. The signal (a) outputted by the
photoelectric conversion circuit 28 and representative
of light having the wavelength A) is differentiated by
the differentiating circuit 59, being followed by genera-
tion of peak signal (c) by the peak detection circuit 61.
On the other hand, the signal (b) produced by the pho-
toelectric conversion circuit 29 and representative of
light having the wavelength A3 is differentiated by the
differentiating circuit 60, whereby a peak signal (d) is
produced by the peak detection 62. Both signals {(c) and
(d) are applied to the phase difference pulse generating
circuit 38 which responds thereto for producing a pulse
signal (e) which assumes a high level during a period
intervening between the peak signals (c) and (d). The
pulse signal (e) is supplied to the controller 7 to enable
the crank angle pulses to be counted during the above-
mentioned period, whereby the crank angle is anthmet:-
cally determined, as is illustrated at (f) in FIG. 8.

FIG. 9 is a view for illustrating the signal processing
procedure in the system shown in FIG. 7B. The signal
(a) obtained through the photoelectric conversion cir-
cuit 28 and representing light of the wavelength A 15
supplied to the rise-up time point detection circuit 30 to
be compared with a preset voltage Vgi. On the other
hand, the signal representative of light having the wave-
length A2 obtained through the photoelectric conver-
sion circuit 29 is applied to rise-up time point detecting
circuit 31 to be compared with a preset voltage Vza.
When the voltage values of the signals (a) and (b) be-
come greater than the preset signals Vg and Vg, re-
spectively, shaped pulse signals (c) and (d) are produced
and supplied to the phase difference pulse generating
circuit 38 which then produces a puise signal (e¢) which
assumes a high level during a period which corresponds
to the difference in time between the rise-up edges of to
pulse signals (c) and (d). The phase difference pulse
signal (e) is supplied to the controller 7 to enable the
crank angle pulses to be counted during the period in
which the pulse signal (e) is high, whereby the phase
difference between the pulse signals (c) and (d) 1s arith-
metically determined in terms of the difference in the
crank angle.

FIG. 10 is a view for illustrating the signal processing
procedure performed in the system shown in F1G. 7C.
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The signals (a) and (b) having wavelengths A; and A;
produced by the photoelectric conversion circuits 28
and 29 are converted to signals {c) and (d), respectively,
through the peak-hold circuits 32 and 33 and the reset
circuits 34 and 35. The signals (a) and (c) are applied to
the peak time detecting circuit 36 which the signals (b)
and (d) are applied to the peak time point detection
circuit 37. The circuits 36 and 37 perform arithmetic
operations “(c)-(a)” and “(d)-(b)”, respectively, the
resulting signals being then mverted to be subsequently
produced as the signals (¢) and (f), respectively.
Through comparison of the signals (¢) and (f) with
respective preset signals Vg3 and V gy, pulse signals (g)
and (h) are produced which assume high level when the
signals (e) and (f) are greater than the preset signal Vg3
and Vg4, respectively. The signals (g) and (h) are ap-
plied to the phase difference pulse signal circuit 38,
whereby a pulse signal (i) which is high only duriag a
period intervening between the rise-up edges of the
signals (g) and (h) is supplied to the controller 7. The
latter counts the crank angle pulses during the period in
which the signal (i) is high, as is illustrated at (j),
whereby the phase difference angle between the peaks
of the wavelength signals A; and A; can be determined.

FIG. 11 illustrates graphically typical spectral sensi-
tivity characteristics of the photoelectric conversion
elements 26 and 27 employed in the signa! processing
systems shown in FIGS. 7A, 7B and 7C, respectively.
The photoelectric conversion element 26 as employed
should exhibit the peak sensitivity at the wavelength A,
as indicated by a solid line curve in FIG. 11, while the
photoelectric conversion element 27 should exhibit the
peak sensitivity at the wavelength A2 as indicated by a
broken line curve in FIG. 11. In this conjunction, it is
noted that many of the currently available photoelectnic
conversion elements having sharp spectral sensitivity
characteristic in specific wavelength bands are very
expensive. To deal with this problem and reduce the
manufacturing cost, the present invention teaches com-
bination of an inexpensive photodiode or phototransis-
tor and an interference filter as mentioned below.

FIG. 12 shows a sensitivity characteristic curve of a
phototransistor commercially available at low prices
and capable of detecting light of relatively broad band-
width of 400 nm to 1100 nm. Lots of this type photo-
transistors are on the market at present, and some of the
phototransistors have the spectral sensitivity over wider
range when compared with those illustrated in F1G. 11.
Accordingly, two of these inexpensive photodiodes
may be employed in combination with interference
filters disposed in front of the photoelectric conversion
elements, which filters exhibit such characteristics as
illustrated in FIG. 13. In this way, the light wavelength
signals A; and A; can be easily derived in a facilitated
manner without involving high expensiveness.

The interference filter of such transmittivity charac-
teristic in which high transmittivity is limited to a rela-
tively narrow specific wavelength band as illustrate in
FIG. 13 is available relatively readily. Accordingly, by
disposing the interference filter having the characteris-
tic C shown in FIG. 13 may be disposed in precedence
to one photoelectric conversion element for detecting
the light in the wavelength band A), while the other
interference filter having the characteristic D shown In
FIG. 13 may be disposed in front of the other photoe-
lectric conversion element for detecting the light of
wavelength band A;.

10

15

FIG. 14 shows a typical concrete arrangement of the
combined filters and the photoelectric conversion ele-
ments. As will be seen in the figure, two photoelectric
conversion elements 39 each exhibiting the spectral
sensitivity over a wide range of wavelength such as
shown in FIG. 12 are provided with interference filters
40 and 41 which have the transmittivity characteristics
C and D shown in FIG. 13, respectively. With this
arrangement, it is possible to receive only the combus-
tion light of two specific wavelength bands for effecting
the photoelectric conversion for subsequent processing
in a substantially similar manner as mentioned in con-
junction with the systems shown in FIGS. 7A, 7B and
7C.

FIG. 15 shows schematically an arrangement of a
major portion of the controller 7. Referring to the fig-
ure, the sensor signals such as those produced by the
air-flow sensor 10, the water temperature sensor 11, the
air-fuel ratio sensor 8, the throttle valve position sensor
9 and others are inputted to an analogue-to-digital
(A/D) converter 44 through a multiplexer 43, the out-
put signals of the A/D converter 44 being coupled to an

- input/output (1/0) port 45. It is to be noted that the
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signal produced by a switch for detecting the fully
opened state of the throttle valve (also referred to as the
idle aperture detecting switch) is directly coupled to an
input port 46. On the other hand, the engine rotation
signal produced by the crank angle sensor 12 is coupled
to an input port 48 through a waveform shaper circuit
47. The signal derived from the combustion sensor sys-
tem 42 through a signal processing circuit 5, which
counter 49 serves to making appearance during a penod
intervening between the phase difference pulses of the
two wavelengths as illustrated in FIGS. 8, 9 and 10,
respectively. The output signal of the counter circuit 49
is supplied to an A/D converter S0, the resulting digital
output of which is then fed to an 1/0 port 5§1. The mput-
/output ports as well as the input ports mentioned
above are connected to a CPU (central processing unit)
53, a ROM 54 and a RAM 55 through a bus 52 for signal
transfer and executing of arithmetic operations. The
results of the arithmetic operations are outputted to the
output ports 56 and 57, whereby the ignition apparatus
6 is activated in response to the signal from the output
port 56 while the driver circuit 56 for actuating the fuel
injector 13 is activated by the signal produced through
the output port 57.

The ROM 54 stores therein relations between the
phase difference angle signals Al and the air-fuel ratios
(A/F) or a one-dimensional map of A@ and A/F, so that
the air-fuel ratio corresponding to the phase difference
angle signal A8 obtained through the mput/output port
51 can be arithmetically determined. In the case of a
multi-cylinder engine system in which each cylinder is
provided with the combustion sensor system, the phase
difference pulse signals produced by the individual
combustion sensor systems may be coupled to the
counter 49 through a multiplexer (not shown in FIG.
15) for detecting the A/F ratio for each of the cylinders.
When each of the cylinders is considered solely, the
air-fuel ratio of the gas mixture supplied to the cylinder
may naturally vary from cycle to cycle, which results in
that the phase difference angle signal A8 counted by the
counter 49 may assume values varying from cycle to
cycle. Accordingly, if the air-fuel ratio is determined on
the basis of the varying phase difference angle signal A@
for performing the closed loop control for each varying
values of A@, the control stability will be significantly
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deteriorated. Accordingly, to evade this difficulty, the
phase difference angle A@ may be sampled over several
cycles and averaged to be subsequently utilized in the
arithmetic determination of the air-fuel ratio (A/F).
The number of sampling for deriving the averaged
phase difference angle signal A@ may be selected to be
optimum in consideration of the individual engine per-
formance to which the invention is to be applied.

As described hereinbefore, it has been impossible
with the hitherto known combustion sensors to detect
the air-fuel ratio with high accuracy due to various
error inducing causes such as change in the transmittiv-
ity of the wavelengths in concern owing to deposition
on the combustion light detecting face, changes brought
about by heat radiation from the periphery of the com-
bustion light detecting element. In contrast, according
to the teaching of the invention that the air-fuel ratio is
determined on the basis of phase difference between the
time points at which specific light wavelengths (A; and
A2) are produced, it is now possible to determine the
air-fuel ratio with significantly improved accuracy
without undergoing the various adverse influences
mentioned above. Thus, the present invention has pro-
posed a combustion sensor system which can be em-
ployed in practical application with great advantages.

I claim:

1. A sensor system for detecting air-fuel ratio in an
internal combustion engine, comprising:

(a) transparent combustion light extracting means for 30

extracting combustion light produced in a combus-
tion chamber of said engine;

(b) photoelectric conversion means for photoelectri-
cally converting two given waveforms of the com-
bustion light extracted through said combustion
light extracting means into electrical wavelength
signals; and

(c) air-fuel ratio determining means for determining
the air-fuel ratio on the basis of said two wave-
length signals supplied from said photoelectric
conversion means, wherein said air-fuel ratio deter-
mining means includes peak detection means for
detecting peaks of the two wave-length signals
produced by said photoelectric conversion means,
respectively, angular difference detecting means
for detecting angular difference between the peaks
detected by said peak detecting means, and air-fuel
ratio determining means for determining the corre-
sponding air-fuel ratio on the basis of said angular
difference.

2. A sensor system according to claim 1, wherein said
photoelectric conversion means include photoelectric
conversion elements disposed, respectively, at bifur-
cated ends of an optical fiber cable leading to the inte-
rior of said combustion chamber and which elements
are sensitive to light wavelength differing from each
other.

3. A sensor system according to claim 1, wherein said
photoelectric conversion means include combinations
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which the two wavelength signals from said photoelec-
tric conversion means rise up, respectively;

said angular difference detecting means denves an
angular difference in the rise-up time point between
said two wavelength signals detected by said rise-
up time point detecting means; and

said air-fuel ratio determining means determines a
corresponding air-fuel ratio on the basis of said
angular difference in the rise-up time point.

S. A sensor system according to claim 4, wherein two
light wavelengths to undergo the photoelectric conver-
sion are visible light rays having wavelengths located in
the vicinity of infrared and ultraviolet regions, respec-
tively.

6. A sensor system according to claim 1, wherein said
corresponding air-fuel determining means includes a
function memory storing data defining the air-fuel ratio
and angular differences.

7. A sensor system according to claim 1, wherein said
corresponding air-fuel] determining means includes a
function memory storing data defining the air-fuel ratio
and angular differences.

- 8. A sensor system according to claim 1, wherein two
light wavelengths to undergo the photoelectric conver-
sion are visible light rays having wavelengths located in
the vicinity of infrared and ultraviolet regions, respec-
tively.

9. A sensor system for detecting air-fuel ratio in an
internal combustion engine, comprising:

(a) transparent combustion light extracting means for
extracting combustion light produced in a combus-
tion chamber of said engine;

(b) photoelectric conversion means for photoelectri-
cally converting two given waveforms of the com-
bustion light extracted through said combustion
light extracting means into electrical wavelength
signals; and

{c) air-fue] ratio determining means for determining
the air-fuel ratio on the basis of said two wave-
length signals supplied from said photoelectric
conversion means, wherein said air-fuel ratio deter-
mining means includes peak detecting means for
detecting peaks of the two wave-length signals
produced by said photoelectric conversion means,
respectively, angular difference detecting means
for detecting an angular difference in the nise-up
time point between said two wavelength signals
detected by said rise-up time point detecting
means; and

air-fuel ratio determining means for determining the
corresponding air-fuel ratio on the basis of said
angular difference. '

10. A sensor system according to claim 9, wherein
said corresponding air-fuel determining means includes
a function memory storing data deﬁmng the air-fuel
ratio and angular differences.

11. A sensor system according to claim 9, wherein
said air-fuel ratio determining means includes peak de-

of interference filters for transmitting therethrough, 60 tecting means for detecting peaks of the two wave-

respectively, the wavelengths differing from each other
and photoelectric conversion elements, said combina-
tions being disposed at bifurcated ends of an optical
fiber cable leading to the interior of said combustion
chamber.

4. A sensor system according to claim 1, wherein said
air-fuel ratio determining means includes rise-up time
point detecting means for detecting time points at

65

length signals produced by said photoelectric conver-

810N means, respectively; said

angular difference detecting means detects angular
difference between the peaks detected by said peak
detecting means, and

said air-fuel ratio determining means determines the
corresponding air-fuel ratio on the basis of said
angular difference.
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12. A sensor system according to claim 11, wherein
said corresponding air-fuel determining means includes
a function memory storing data defining the air-fuel
ratio and angular differences.

13. A sensor system according to claim 11, wherein
two light wavelengths to undergo the photoelectric
conversion are visible light rays having wavelengths
located in the vicinity of infrared and ultraviolet re-
gions, respectively. |

14. A sensor system according to claim 9, wherein 10
two light wavelengths to undergo the photoelectric
conversion are visible light rays having wavelengths
located in the vicinity of infrared and ultraviolet re-
gions, respectively.

15. In an internal combustion engine having a control 15
system including a controller receiving inputs of sensed
engine operating conditions and outputting control signals
for controlling engine operating parameters o optimize the
engine operating conditions, the improvement comprising:

transparent combustion light extracting means for ex-

tracting combustion light produced in a combustion
chamber of the engine;

photoelectric conversion means for photoelectrically con-

verting two wavelengths of the combustion light ex-
tracted through said combustion light extracting
means into electrical wavelength signals;

an air-fuel ratio determining means for determining the

air-fuel ratio on the basis of said two wavelength sig-
nals supplied from said photoelectric conversion
means, wherein said air-fuel ratio determining means
includes means for detecting time points of the two
wave-length signals, respectively, difference detecting
means for detecting a time difference between the
time points, and means for determining a correspond-
ing air-fuel ratio on the basis of said time difference;
and

said controller receiving said air-fuel ratio determined

by said air-fuel ratio determining means as one of said
inputs of sensed engine operating conditions.

16. In an internal combustion engine having a control
system including a controller receiving inputs of sensed
engine operating conditions and outputting control signals
for controlling engine operating parameters to optimize the
engine operating conditions, the improvement comprising:

first means for detecting light of the combustion within ¢

cylinder of the engine and providing a first output
signal that varies in accordance with intensity of the
combustion light;

first means for comparing the first output signal with a

first predetermined reference level;

means for producing a beginning point of combustion

when the first output signal exceeds said first predeter-
mined reference level:

second means for detecting light of the combustion

within the combustion chamber of the engine and 55
providing a second oulput signal wherein the wave-
length of light detected by said second detecting
means differs from the wavelength of light detected by
said first detecting means and said second output
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obtain a difference in time and providing a time dif-
Jerence output that changes in accordance with the
operating conditions of the engine; and

said controller receiving said time difference output as

one of said inputs of sensed operating conditions.

17. In an internal combustion engine having a control
systemn including a controller receiving inputs of sensed
engine operating conditions and outputting control signals
for controlling engine operating parameters to optimize the
engine operating conditions, the improvement comprising:

means for detecting light of combustion within a

combustion chamber of the engine and providing
an output signal that varies in accordance with
intensity of the combustion light;
first means for comparing the output signal with a prede-
termined reference level; |

means for producing a beginning point of combustion
signal when the output signal exceeds said prederer-
mined reference level;

second means for comparing a time of said combustion

beginning point signal with a reference time point to
obtain a difference in time and providing a time dif-
ference output that changes in accordance with the
operating conditions of the engine; and

said controller receiving said time difference output as

one of said inputs of sensed operating conditions.

18. In a control system for an internal combustion en-
gine, the improvement comprising:

means for detecting light of combustion in a combustion

chamber of the engine and providing an output signal
that varies in accordance with an intensity of the com-
bustion light;

first means for comparing the output signal with a prede-

termined reference level;

means for de.ermining and producing a beginning point

of combustion signal when the output signal exceeds
said predetermined reference level;, and

second means for comparing a time of said combus-

tion beginning point signal with a reference time
point to obtain a difference in time and providing a
time difference output that changes in accordance
with operating conditions of the engine.

19. An engine control system according to claim 18,
further comprising:

said means for detecting combustion light having

means for detecting a first wavelength of the com-
bustion hght;

said means for generating said reference tuime pomt

having means for detecting a second wavelength of
the combustion light and providing a second out-
put signal that varies in accordance with an inten-
sity of the second wavelength of the combustion
light; means for comparing the second output sig-
nal with a second predetermined reference level
whereby said reference time point is generated
when the second output signal exceeds said second
predetermined reference level.

20. A method, comprising the steps of. detecting light of

signal varies in accordance with intensity of the com- 60 combustion in a combustion chamber of an internal com-

bustion light detected by said second detecting means;

second means for comparing the second output signa!l
with a second predetermined reference level;

means establishing a predetermined reference time point
when said second output signal exceeds said second 65
predetermined reference level;

third means for comparing a time point of said combus-
tion beginning point with said reference time point to

bustion engine and providing an output signal that varies in
accordance with an intensity of the detected combustion
light;
comparing the output signal with a predetermined
reference level;
determining a beginning point of the combustion when
the output signal exceeds said predetermined refer-
ence level: and
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comparing a time of said combustion beginning point
with a reference time point to obtain a difference in
time and providing a time difference output that
changes in accordance with aperating conditions of the
engine.

21. A method according to claim 20, further comprising:

said detecting of combustion light step including detec!-
ing a first wavelength of the combustion light;

generating said reference time point by detecting a sec-
ond wavelength of the combustion light and providing
a second output signal that varies in accordance with
an intensity of the second wavelength of the combus-
tion light; comparing the second output signal with a
second predetermined reference level whereby said
reference time point is generated when the second
output signal exceeds said second predetermined ref-
erence level.

o 14
22. A method according to claim 20, further comprising:

controlling an operating parameter of the engine in accor-
dance with the time difference output.

23. A method of detecting combustion in a combustion

5 chamber of an internal combustion engine, comprising:
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detecting light of the combustion within the combustion
chamber and providing an output signal that varies
according to an intensity of the combustion light as it
increases from a beginning of combustion to a peak of
the combustion light intensity;

determining and producing a beginning point of com-
bustion signal from said output signal including com-
paring the output signal with a predetermined refer-
ence level and producing said beginning point of com-
bustion signal when the output signal exceeds said
predetermined reference level; and

comparing a time of said combustion beginning point
signal with a reference time point to obtain a differ-
ence in time and providing a time difference output
that changes in accordance with the operating

conditions of the engine.
S = =2 =& 3
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