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AUTO-CALIBRATION METHOD FOR A 
WIDE RANGE EXHAUST GAS OXYGEN 

SENSOR 

TECHNICAL FIELD 

This invention relates to an automotive engine fuel con 
trol including a wide range Oxygen Sensor in the exhaust gas 
Stream, and more particularly a control method for using an 
auxiliary Switching oxygen Sensor to automatically calibrate 
the wide range oxygen Sensor. 

BACKGROUND OF THE INVENTION 

Effective emission control of internal combustion engine 
exhaust gases with a catalytic converter requires precise 
control of the air/fuel ratio Supplied to the engine cylinders. 
For this purpose, it is customary to install an oxygen Sensor 
in the engine exhaust pipe, and to use the Sensor output as 
a feedback Signal for closed-loop fuel control. 

In general, two different types of oxygen Sensors are 
available for usage in automotive fuel control. The most 
common and least expensive Sensor, referred to as a Switch 
ing Sensor, has a bi-stable output Voltage that Switches or 
toggles between first and Second States corresponding to lean 
and rich conditions of the Sensed exhaust gas, relative to a 
stoichiometric air/fuel ratio of approximately 14.7:1 for 
pump gasoline. The other type of oxygen Sensor, referred to 
as a universal exhaust gas oxygen Sensor, or wide-range 
oxygen Sensor, has an analog output that varies in amplitude 
in relation to the deviation of the Sensed exhaust gas from 
the stoichiometric air/fuel ratio. Of the two sensor types, the 
Switching Sensor is leSS expensive but provides limited 
information, whereas the wide-range sensor enables 
improved fuel control performance. 
A portion of cost of the wide-range Sensor is related to 

calibration; typically, the calibration is performed off-line by 
the Sensor manufacturer, and active or passive elements in 
the Sensor wiring harneSS are Selected or programmed to 
provide a Standard output voltage VS. air/fuel ratio transfer 
function. A related disadvantage of the wide-range Sensor is 
that the Sensor characteristics may tend to drift with age 
and/or other factors, leading to fuel control errorS Since the 
one-time calibration cannot account for the drift. 

SUMMARY OF THE INVENTION 

The present invention is directed to an improved fuel 
control in which the transfer function of a wide-range 
exhaust gas oxygen Sensor is automatically and periodically 
learned or calibrated in the course of vehicle operation. The 
auto-calibration method reduces the Sensor cost to enable 
high performance fuel control at a lower cost, and periodi 
cally updates the calibration So that the improved perfor 
mance can be achieved in Spite of Sensor drift due to age or 
other factors. 

According to the invention, the engine fuel control is 
based on the output of a wide range oxygen Sensor, which is 
automatically and periodically calibrated at two different 
operating conditions. The first operating condition occurs 
during Steady State operation when a Switching Sensor 
disposed in the exhaust gas Stream downstream of the 
catalytic converter indicates that the engine is being fueled 
at the Stoichiometric air/fuel ratio. The Second operating 
condition occurs either during vehicle deceleration when 
engine fueling is cut off or when the engine is turned off. The 
wide range Sensor Voltage developed under the first operat 
ing condition is Stored as a Stoichiometry calibration, and the 
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2 
wide range Sensor Voltage developed under the Second 
operating condition is Stored as a “free air calibration. Once 
both calibration points have been determined, the transfer 
function of the wide range Sensor is adjusted to match the 
Stored Voltages, and engine fueling is thereafter based on the 
adjusted transfer function. In a first embodiment, a charac 
teristic transfer function stored in the controller in the form 
of a mathematical model or look-up table is shifted So as to 
interSect, as nearly as possible, the two determined calibra 
tion points. In a Second embodiment, the controller effec 
tively re-constructs the transfer function by incrementally 
adjusting the engine fueling with respect to the determined 
calibration points, and recording the corresponding Sensor 
output voltages. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic diagram of an internal combustion 
engine and exhaust System according to this invention, 
including an electronic engine controller, a wide-range Oxy 
gen Sensor and a Switching oxygen Sensor. 

FIGS. 2 and 3 are flow diagrams representative of com 
puter program instructions executed by the engine controller 
of FIG. 1 in carrying out fuel control and the automatic 
sensor calibration method of this invention. 

FIGS. 4A, 4B and 4C graphically depict the wide range 
Sensor output Voltage as a function of air/fuel ratio. FIG. 4A 
illustrates a transfer function error prior to auto-calibration, 
FIG. 4B illustrates an auto-calibration according to the first 
embodiment of this invention, and FIG. 4C illustrates an 
auto-calibration according to the Second embodiment of this 
invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to the drawings, and particularly to FIG. 1, the 
reference numeral 10 generally designates an automotive 
four-cylinder internal combustion engine. Engine 10 
receives intake air through an intake passage 12 that is 
variably restricted by a moveable throttle valve 14. Down 
Stream of throttle valve 14, the intake air enters an intake 
manifold 16 for distribution to the individual engine cylin 
ders (not shown) via a plurality of intake runners 18-24. The 
fuel injectors 26-32 are positioned to deliver a predeter 
mined determined quantity of fuel to each intake runner 
18-24 for combination with the intake air and admission to 
respective engine cylinders for combustion therein. The 
combustion products from each cylinder are exhausted into 
respective exhaust runners 34-40 of an exhaust manifold 42, 
and combined in an exhaust pipe 44, which in turn, is 
coupled to a catalytic converter 46 for emission control 
purposes. 
The fuel injectors 26-32 are electrically activated by a 

fuel control module 50 under the control of a micro 
processor based engine controller 52. Specifically, the con 
troller 52 develops a fuel command pulse width, or injector 
on-time, for each of the engine cylinders, and provides the 
pulse width commands to fuel control module 50 via line 53, 
and the fuel control module activates the injectors 26-32 
accordingly. The fuel pulse widths are determined in 
response to a number of inputs, including a manifold abso 
lute pressure (MAP) Signal on line 54, an engine speed 
(RPM) signal on line 56, and an oxygen sensor signal OS1 
on line 58. The MAP signal is obtained with a conventional 
manifold absolute preSSure Sensor 60 responsive the pres 
sure of the intake air in intake manifold 16, the RPM signal 
may be obtained from a conventional crankshaft or camshaft 
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Sensor, generally designated by the reference numeral 62, 
and the oxygen Signal OS1 is obtained from a conventional 
universal exhaust gas or wide-range oxygen Sensor 64 
responsive to the exhaust gasses upstream of the catalytic 
converter 46 in exhaust pipe 44. A Second oxygen Sensor 65 
of the type having an output that Switches or toggles between 
first and Second States corresponding to lean and rich con 
ditions of the Sensed exhaust gas relative to a Stoichiometric 
air/fuel ratio is disposed in the exhaust gasses downstream 
of the catalytic converter 46, and is used for calibration of 
the wide-range Sensor 64 as described below. The oxygen 
sensor 65 provides an output signal OS2 to controller 52 on 
line 59. 

In general, the engine controller 52 determines a base fuel 
pulse width as a function of the RPM and MAP signals, and 
other inputS Such as temperature and barometric preSSure. 
Alternatively, the base fuel pulse width may be determined 
based on a measure of mass air flow in the intake passage 12, 
using a mass air flow meter up-stream of throttle plate 14. 
The controller 52 then adjusts the base fuel pulse width 
using previously learned closed-loop corrections, which are 
typically Stored in a electrically-erasable non-volatile look 
up table of controller 52 as a function of RPM and MAP. In 
a global type of fuel control, the adjusted base fuel pulse 
width is then supplied to the fuel control module 50, which 
activates each of the injectors 26-32 (either Sequentially or 
concurrently) for an on-time corresponding to the adjusted 
base fuel pulse width. In an individual cylinder fuel control, 
Samples of the output Voltage of oxygen Sensor 64 are 
asSociated with individual engine cylinders, and used to 
individually adjust the fueling for each engine cylinder. In 
either case, the wide range oxygen Sensor 64 enables very 
accurate control of the fueling, when properly calibrated, 
Since it indicates both the direction and magnitude of air/fuel 
ratio error. However, if the calibration is in error, there will 
be corresponding fueling errors, and the emission control 
may be degraded. An example of a calibration error is 
graphically depicted in FIG. 4A, where the true transfer 
function of wide-range oxygen Sensor 64 is given by the 
Solid trace, and the factory calibration is given by the broken 
trace. In the illustration, a sensor output of OS1=3.5V is 
interpreted as an air/fuel ratio of 20, as opposed to the actual 
ratio of 25. 

According to this invention, the wide-range oxygen Sen 
Sor is automatically and periodically calibrated, both at 
Stoichiometric fueling during Steady State operation, and at 
fuel cutoff during vehicle deceleration. Once both calibra 
tion points have been determined, the transfer function of the 
wide range Sensor is adjusted to match the Stored points, and 
engine fueling is thereafter based on the adjusted transfer 
function. In a first embodiment, a characteristic transfer 
function stored in the controller in the form of a mathemati 
cal model or look-up table is adjusted So as to interSect, as 
nearly as possible, the two determined calibration points. In 
a Second embodiment, the controller incrementally adjusts 
the engine fueling with respect to the determined calibration 
points, and records the corresponding Sensor output 
Voltages, effectively re-constructing the transfer function. 

FIGS. 2-3 are flow diagrams representative of computer 
program instructions executed by the controller 52 in car 
rying out the automatic Sensor calibration of this invention. 
FIG. 2 is a simplified main or executive flow diagram, 
whereas FIG. 3 is a more detailed flow diagram concerning 
the automatic calibration method of this invention. 

Referring to FIG. 2, the block 70 designates a series of 
initialization instructions for initializing the operation of the 
controller 52 at the beginning of each period of vehicle 
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4 
operation. This may include, for example, resetting various 
flags and registers to predetermined States, as will be well 
known to those skilled in the art of engine control. Follow 
ing initialization, the blocks 72-80 are repeatedly executed 
in sequence as shown. At block 72, the controller 52 reads 
various input signals, including the MAP and RPM signals, 
and the outputs OS1 and OS2 of oxygen sensors 64 and 65. 
Other input Signals, Such as barometric preSSure and mani 
fold inlet temperature are also typically obtained at this 
point. Based on the various inputs, the controller 52 then 
determines a base fuel pulse width (BPW) as indicated at 
block 74. Typically, the base pulse width is stored in a 
non-volatile look-up table as a function of MAP and RPM 
as mentioned above, and other parameterS Such as baromet 
ric pressure are used to modify the determined BPW value. 
AS noted at block 76, a closed-loop correction is then 
applied to the BPW value in order to adaptively adjust the 
engine air/fuel ratio, based on the information contained in 
the OS1 oxygen Sensor input. Typically, the closed-loop 
pulse width corrections are also stored as a function of MAP 
and RPM in a non-volatile look-up table, generally referred 
to as block learning memory, or BLM. At block 78, the 
controller 52 outputs the corrected fuel pulse width to the 
fuel control module 50, which in turn, correspondingly 
activates the fuel injectors 26-32, either concurrently, or in 
sequence. At block 80, the controller 52 executes one or 
more background functions, which may include diagnostics, 
closed-loop air/fuel ratio learning, and the auto-calibration 
function of this invention. Alternatively, the background 
functions may be executed in response to periodically gen 
erated interrupt requests, as is well known. 
The flow diagram of FIG. 3 details the auto-calibration 

function referenced in block 80 of FIG. 2. AS indicated 
above, this involves determining two calibration points: one 
at Stoichiometry, and one at fuel cutoff. The calibration point 
at Stoichiometry is referred to herein as the Stoichiometric 
Calibration Point, or SCP, whereas the calibration point at 
fuel cutoff is referred to herein as the Free Air Calibration 
Point, or FACP. 
With respect to the determination of the SCP, block 90 is 

first executed to determine if the engine 10 is in a steady 
State operating condition; this may be determined, for 
example, by detecting a condition of Steady throttle and 
Speed, and an engine temperature within Specified limits. If 
the engine 10 is operating in Steady State, the blockS 92 and 
94 are executed to set the SCP to the OS1 reading of 
wide-range oxygen Sensor 64, and to determine if the OS2 
reading of the Switching oxygen Sensor 65 confirms the 
presence of a Stoichiometric air/fuel ratio. If the OS2 reading 
is not indicative of stoichiometry, the blocks 96-100 incre 
mentally adjust the base pulse width BPW in a direction to 
drive the air/fuel ratio toward the stoichiometric Switching 
point of oxygen sensor 65. Thus, if block 96 determines that 
the air/fuel ratio is lean relative to the Stoichiometric ratio, 
the block 98 incrementally increases BPW to enrich the 
air/fuel ratio; conversely, if block 96 determines that the 
air/fuel ratio is rich relative to the Stoichiometric ratio, the 
block 100 incrementally decreases BPW to en-lean the 
air/fuel ratio. In the next execution of the main flow diagram 
of FIG. 2, the air/fuel ratio will change accordingly, and if 
engine 10 is still operating in steady state (as determined at 
block 90), blocks 92-94 are re-executed to revise the SCP 
based on the OS1 reading and to determine if the incremen 
tal fuel adjustment of the previous loop caused the OS2 
reading of oxygen Sensor 65 to indicate Stoichiometric 
operation. So long as Steady-state engine operation is 
maintained, the BPW is repeatedly adjusted by blocks 98 or 
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100 until block 94 is answered in the affirmative. At Such 
point, block 102 is executed to set the SCP Flag, indicating 
that the SCP has been determined. 

With respect to determination of the FACP, the block 104 
is first executed to determine if the engine 10 is in a 
condition of fuel cutoff, as may periodically occur during 
Sustained high Speed vehicle deceleration, depending on the 
design of the engine fuel control algorithms. If the engine 10 
has been in a fuel cut-off condition for more than a reference 
time REF corresponding to the anticipated lag in response of 
the wide-range oxygen Sensor 64, as determined at block 
106, the block 108 is executed to set the FACP to the OS1 
reading of sensor 64 and to set the FACP Flag, indicating 
that the FACP has been determined. 

Once either of the SCP or FACP Flags have been set, the 
blocks 110 and 112 are executed to determine if both flags 
have been set. When both flags have been set, the controller 
52 executes the block 114 to adjust/construct the transfer 
function of the wide range oxygen Sensor 64. There are at 
least two ways this can be done. According to a first 
embodiment, graphically illustrated in FIG. 4B, the control 
ler 52 adjusts a generic or characteristic transfer function 
(which may be described by mathematical model or stored 
values in a look-up table) so that it intersects the SCP and 
FACP. Another related technique is to use a least Squares 
polynomial fit algorithm to develop the transfer function 
based on the determined SCP and FACP. The limitation of 
these approaches is that a characteristic shape of the transfer 
function is assumed. Ordinarily, this may be a reasonable 
assumption, and the adjusted transfer function will be close 
enough to provide the desired fueling accuracy. However, if 
the characteristic shape of the transfer function tends to 
change with age and/or other factors, a second embodiment 
of this invention, graphically illustrated in FIG. 4C, may be 
utilized to effectively construct the transfer function by 
incrementally adjusting the engine fueling with respect to 
the determined SCP and FACP, and recording the corre 
sponding OS1 readings. For example, once the SCP is 
determined, the BPW may be increased by a predetermined 
or calculated amount to produce an air/fuel ratio of 14.0 
instead of the Stoichiometric ratio of 14.7, resulting in an 
OS1 reading of 2.9 instead of 3.0. Thus, the OS1 readings 
taken as the BPW is incrementally adjusted relative to the 
determined SCP and FACP reveal the true shape of the 
oxygen Sensor transfer function. Since the calibration tends 
to be more critical at air/fuel ratioS higher than Stoichiometry 
(for So-called lean burn fuel control), a straight line approxi 
mation may be utilized between the SCP and FACP if 
desired in order to reduce the time required to construct the 
transfer function. 

In Summary, the present invention provides a method of 
automatically calibrating a wide range oxygen Sensor by 
utilizing an auxiliary Switching oxygen Sensor and fuel 
cutoff deceleration control in order to realize improved 
fueling accuracy afforded by the Sensor information. The 
cost of the Sensor is reduced compared to prior factory 
calibration techniques, Since the auxiliary Switching Sensor 
is inexpensive, and already present in many applications for 
diagnostic or other purposes. While this invention has been 
described in reference to the illustrated embodiment, it is 
expected that various modifications in addition to those 
Suggested above will occur to those skilled in the art. In this 
regard, it will be understood that the Scope of this invention 
is not limited to the illustrated embodiment, and that Sensor 
calibration methods incorporating Such modifications may 
fall within the scope of this invention, which is defined by 
the appended claims. 
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6 
What is claimed is: 
1. A method of automatically learning a transfer function 

of a wide range oxygen Sensor disposed in exhaust gases of 
a vehicle engine to Sense an air/fuel ratio of Said engine, the 
method comprising the Steps of 

detecting independently of Said wide range oxygen Sensor 
when the air/fuel ratio of Said engine corresponds to a 
Stoichiometric ratio; 

establishing a first calibration point corresponding to an 
output voltage of Said wide range oxygen Sensor when 
the Stoichiometric ratio is detected; 

detecting a condition of fuel cutoff during operation of 
Said engine; 

establishing a Second calibration point corresponding to 
an output voltage of Said wide range oxygen Sensor 
when the condition of fuel cutoff is detected; and 

determining the transfer function of Said wide range 
Oxygen Sensor based on the established first and Second 
calibration points. 

2. The method set forth in claim 1, wherein the step of 
detecting when the air/fuel ratio of Said engine corresponds 
to a Stoichiometric ratio includes the Steps of: 

providing a Switching oxygen Sensor having an output 
Signal that Switches between first and Second States 
relative to the Stoichiometric ratio; disposing Said 
Switching oxygen Sensor in the exhaust gasses of Said 
engine; and 

detecting a Stoichiometric air/fuel ratio based on the 
output signal of Said Switching oxygen Sensor. 

3. The method set forth in claim 1, including the steps of: 
detecting a deviation from the Stoichiometric air/fuel ratio 
based on the output signal of Said Switching oxygen Sensor, 
and in response to Such detection: 

incrementally adjusting a fuel amount Supplied to Said 
engine in a direction to drive the air/fuel ratio closer 
to the Stoichiometric ratio; and 

repeating the Steps of detecting when the air/fuel ratio 
of Said engine corresponds to the Stoichiometric 
ratio, and establishing the first calibration point when 
the Stoichiometric ratio is detected. 

4. The method set forth in claim 3, wherein the step of 
incrementally adjusting the fuel amount comprises incre 
mentally increasing the fuel amount when the detected 
deviation corresponds to an air/fuel ratio greater than Said 
Stoichiometric ratio. 

5. The method set forth in claim 3, wherein the step of 
incrementally adjusting the fuel amount comprises incre 
mentally decreasing the fuel amount when the detected 
deviation corresponds to an air/fuel ratio less than Said 
Stoichiometric ratio. 

6. The method set forth in claim 1, including the steps of: 
detecting whether the engine is in a steady State mode of 
operation; and allowing the establishment of Said first cali 
bration point only when Said Steady State mode of operation 
is detected. 

7. The method set forth in claim 1, wherein said step of 
detecting a condition of fuel cutoff includes the Steps of: 

measuring a duration of Said condition of fuel cutoff, and 
allowing the establishment of Said Second calibration 

point only when said measured duration exceeds a 
reference time corresponding to a response character 
istic of Said wide range oxygen Sensor. 

8. The method set forth in claim 1 wherein the step of 
determining the transfer function of Said wide range oxygen 
Sensor based on the established first and Second calibration 
points includes the Steps of: 
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Storing a characteristic transfer function of Said wide 
range Oxygen Sensor; and 

adjusting the Stored transfer function in a manner to 
interSect the established first and Second calibration 
points. 

9. The method set forth in claim 1 wherein the step of 
determining the transfer function of Said wide range oxygen 
Sensor based on the established first and Second calibration 
points includes the Steps of: 

incrementally adjusting a fuel amount Supplied to the 
engine relative to at least one of the established first and 
Second calibration points; 

8 
recording the output voltages of Said wide range oxygen 

Sensor corresponding to each adjustment of Said fuel 
amount; and 

asSociating the recorded output Voltages with air/fuel 
5 ratioS corresponding to respective fuel amounts, 

thereby to determine Said transfer function. 
10. The method set forth in claim 1, wherein the steps of 

establishing the first and Second calibration points and 
determining the transfer function of Said wide range oxygen 
Sensor are periodically repeated to re-learn Said transfer 

1O function. 
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