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Amperometric NOx sensors are increasingly used in automotive industry to meet the stringent emission measurement regulations. These sensors measure O2 and NOx concentration using two diﬀerent sensing cells. In this
work, a physics-based model was developed and then employed to predict the sensor output for oxygen as a
function of sensor temperature and oxygen concentration. A temperature perturbation method was also developed based on the model to calibrate the sensor output with respect to oxygen concentration. The model accurately matched the experimental results for steady state and transient conditions. A two step sensor diagnostics
procedure based on the sensor temperature perturbation method was then proposed. The ﬁrst diagnostics step
evaluates the sensor output to check if it is within the acceptable range. The second diagnosis step checks the
plausibility of the sensor output based on the physics based model and temperature perturbation. A self-calibration procedure was also implemented inside the diagnostics procedure using temperature perturbation at
engine-oﬀ. This self-recalibration only requires an external relative humidity measurement.

1. Introduction
Production NOx and O2 sensors are used in the automotive industry
for on-board measurement of NOx concentration in exhaust gas [1].
These sensors are typically Zirconia-based amperometric sensors manufactured using the planar zirconia multilayer technology [2-4]. The
small size, fast response, short light-oﬀ time and low price make Zirconia-based amperometric NOx and O2 sensors ideal for commercial
combustion engines [5-7]. Amperometric NOx sensors simultaneously
measure the O2 and NOx concentration [8].
High NOx and particulate matter emissions are challenges to meet
emission standards with Diesel engines [9-11]. Selective Catalytic Reduction (SCR) system [12, 13], Exhaust Gas Recirculation (EGR) [13,
14] and Low Temperature Combustion (LTC) [15, 16] are the most
eﬀective methods to reduce NOx emissions. Real-time measurement of
the actual NOx concentration has become essential for engine combustion control and urea injection control of SCR systems [17, 18].
According to the stringent emission regulations [19, 20], any fault
in any emission-relevant device must be detected and reported through
on-board diagnostics (OBD) [21]. The ﬁrst OBD standard was passed
into law in 1970 by US Congress to reduce the adverse eﬀect of vehicular emissions on environment [22]. In 1996, an updated standard
(OBD II) was introduced. OBD II standard mandates monitoring of any
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electronic powertrain system or component that provides input to, or
receives commands from the electronic control unit (ECU) [21].
Exhaust gas sensors are used upstream and/or downstream of aftertreatment systems to monitor their eﬃciency and performance [22-24].
To meet increasingly stringent emission standards, the accuracy of the
emission sensors also needs to be increased [25-29]. This requires reliable on-board diagnostics of emission sensors in addition to the other
aftertreatment components. Reliable physics-based diagnostics strategies require understanding of the sensor performance. To do this, a
phenomenological sensor model is developed.
The diﬀusion of exhaust gas species through the sensor diﬀusion
barriers and the electrode reactions inside the sensor chambers are the
main processes that aﬀect the sensor outputs [30, 31]. Typically, at the
sensor operating condition, the diﬀusion of species through the barriers
into the sensor chambers is the rate determining step since the diﬀusive
ﬂow is much slower than the sensor reaction dynamics [32]. An amperometric NOx sensor has two main chambers that are used to measure
O2 and NOx concentrations. In the ﬁrst chamber O2 is reduced and
pumped out with a pumping current that is proportional to oxygen
concentration. The remaining species then diﬀuse into the second
chamber where NOx is reduced. The oxygen ions from NOx are pumped
out to the third chamber (reference chamber) with a pumping current
proportional to NOx concentration.
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diﬀusion barrier. The eﬀect of NO2 reduction to NO is neglected in Eq.
(1) since NO2 concentration is typically almost 3 orders of magnitude
lower than O2 concentration during Diesel engine operation [35].

The diﬀusion of species through the sensor barriers and the electrode reactions of species both depend on the sensor temperature [33,
34]. The dominant diﬀusion mechanism of the diﬀusive ﬂow inside the
sensor is normal multi-component diﬀusion [33].
The remainder of this paper has sections on sensor modeling, model
validation and an in-use temperature perturbation calibration method.
The sensor output to oxygen is predicted as a function of sensor temperature and oxygen concentration with normal diﬀusion taken to be
the dominant diﬀusion mechanism through the sensor barriers. Then a
two step sensor diagnostics strategy is proposed to evaluate sensor
output validity and plausibility by varying the sensor temperature. The
model results match the experiments in transient and steady state
conditions. Finally, a self-calibration method is developed based on
temperature perturbation and an external relative humidity measurement.

2.2. Diﬀusion of exhaust gas species through the sensor
The relative mass ﬂux (j) of species i (ji) is calculated using Fick's
law [36]:

ji = −ρDi

(2)

where, ρ, and ϕi are mean density and concentration of species i respectively. Normal multi-component diﬀusion has been found to be the
dominant diﬀusion mechanism of species through the diﬀusion barriers
of this type of sensor [33]. The diﬀusion coeﬃcient Di is calculated
using mixture averaged method and Fuller correlation for normal multicomponent diﬀusion [36]:

2. Sensor model
2.1. Sensor working principle

Di =

An amperometric NOx sensor consists of two measuring chambers to
measure O2 and NOx concentration [33]. Exhaust gas species diﬀuse
through the ﬁrst diﬀusion barrier to the ﬁrst chamber as schematically
shown in Fig. 1. A zirconia based Nernst cell, pumps out O2 from the
ﬁrst chamber with a pumping current (IP1) that is proportional to O2
concentration in the environment. All NO2 is reduced to NO on the
electrode located in this chamber. This makes it possible to measure
NOx concentration in the second chamber. This work focuses on the
ﬁrst chamber of a NOx sensor which functions as an amperometric O2
sensor. Therefore, all the results and discussions are also relevant for an
amperometric O2 sensor.
Typically the reduction rate of species in the ﬁrst chamber is much
faster than the diﬀusive ﬂow of species through the diﬀusion barrier
[32, 33]. Therefore, the sensor pumping current for O2 is proportional
to the diﬀusion rate of O2.
As each oxygen molecule transfers 4 electrons into the cavity, the
pumping current is:

̇ , O2
I p1 = 4F × ndiff

dϕi
dx

1 − ωi
N

∑q ≠ i

xq

(3)

Diq

where, xq is mole fraction of species q and N is the number of species.
The term Diq is:

10−3T1.75
Diq =

(

1
Mi

+

1
Mq

1/2

)

2
P [(Σν )1/3
+ (Σν )1/3
i
q ]

(4)

in which, P is absolute pressure in atm, T is in K and (Σν)i is the diffusion volume of species i, deﬁned from [36]. The eﬀective diﬀusion
coeﬃcient of the porous solid from the normal diﬀusion coeﬃcient, is
calculated as [32]:

Di, por =

ϵ
Di
τ
V

where ϵ is porosity and deﬁned as: ϵ = V v , V v and V total are the void
total
volume and the total volume of the porous media respectively and τ is
tortuosity which characterizes the mean path length that a molecule has
to travel within the porous media. The factor ϵ/τ is typically assumed to
be constant for a given porous material [32, 37].

(1)

where, ṅdiff , O2 is the diﬀusive molar ﬂux of oxygen through the ﬁrst

Fig. 1. Working principle and boundary condition of the ﬁrst chamber of NOx sensor (an O2 sensor).
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aging when necessary. In addition, the methodology will be used to
develop a sensor diagnostics strategy.

2.3. Sensor output as a function of temperature and O2 concentration
Combining Eqs. (1), (2), (4), using ideal gas law and assuming all
oxygen is immediately pumped out from the ﬁrst chamber
(ϕO2 |1st chamber ≈ 0) , results in: I p1 ∝ T 0.75 and I p1 ∝ ϕO2 . Where, ϕO2 is O2
concentration in the surrounding gas. Therefore:

I p1 (T , x O2) =

K

k × T 0.75

× ϕO2

3. Experimental setup
The experiments were carried out using a production ECM O2 - NOx
sensor (P/N: 06-05) and the corresponding control module (Fig. 3a)
connected to a computer via Kvaser Light HS CAN interface. The sensor
and control module characteristics are listed in Table 1. The sensor was
located in the exhaust pipe (0.30 m upstream of the diesel oxidation
catalyst) of a 4 cylinder medium duty Cummins QSB 4.5 160 - Tier 3
diesel engine, (Fig. 3b) which is connected to a Dyne Systems 1014 W
passive eddy current dynamometer. The stock engine controller controls engine speed and the dynamometer controller maintains the user
speciﬁed load torque on the engine. The engine characteristics are listed
in Table 2.
To check for a valid sensor output, the engine-oﬀ condition was
taken as the reference point and all tests have been carried out at engineoﬀ. At this condition the sensor O2 concentration is known and is not a
function of engine operating condition or fuel type. Engine fuel cut-oﬀ
condition that takes place during long downhill gradients [39], could
also be used as the reference point in vehicle operation.
At engine-oﬀ condition, the sensor is exposed to local atmospheric
pressure (≈ 94 kPa) and room temperature (19 ° C); however, the
sensor performance is not aﬀected by the environment temperature as
the sensor control module shown in Fig. 3a controls the sensor temperature by controlling the heater power mounted inside the sensor.
The impedance of the reference Nernst cell (Rpvs) varies with sensor
temperature and this was used to measure and control the sensor
temperature.

(5)

in which, k is a constant and K is the slope of the linear function of IP1
versus ϕO2 . At a constant O2 concentration (ϕO2,0 , reference concentration), if the sensor temperature changes from T1 to T2, the current ratio
I p1 (T2)
is:
I p1 (T1)

I p1 (T2, ϕO2,0 )
I p1 (T1, ϕO2,0 )

k × T20.75 × ϕO2,0

=

k×

T10.75

T
= ⎛ 2⎞
⎝ T1 ⎠
⎜

× ϕO2,0

0.75

⎟

The change in pumping current between condition two (at T2) and
condition one (at T1) is:

ΔIP1 |ϕO2,0 = I p1 (T2, ϕO2,0) − I p1 (T1, ϕO2,0 )
= k × T20.75 × ϕO2,0 − k × T10.75 × ϕO2,0
T 0.75
= k × ϕO2,0 × T10.75 × ⎡ ⎛ 2 ⎞
− 1⎞ ⎤
⎢ ⎝ T1 ⎠
⎥
⎠⎦
⎣
⎟

with

k=

ΔIP1 |ϕO2,0
ϕO2,0 T10.75 ⎡
⎣

T2 0.75
T1

( )

− 1⎤
⎦

and

K=

4. Results and discussion

ΔIP1 |ϕO2,0
ϕO2,0 T10.75 ⎡
⎣

T2 0.75
T1

( )

× T 0.75
− 1⎤
⎦

4.1. Model validation

(6)

A heat transfer model developed in [33] was used to deﬁne sensor
temperature as a function of Rpvs as:

where, ϕO2,0 is the reference O2 concentration and ΔIP1 |ϕO2,0 is the
change in pumping current due to temperature at a given oxygen
concentration.
In normal operation, the sensor temperature is kept constant using a
temperature controller that measures sensor temperature by measuring
ohmic resistance of the reference Nernst cell [33]. This, according to
Eq. (5), results in IP1 being linearly dependant to changes in ϕO2 . The
slope of the linear IP1 function vs ϕO2 (K) is calibrated by the sensor
manufacturer. To do this, external measurements of O2 via a reference
measurement system for at least two O2 concentrations are needed. This
relation varies from sensor to sensor due to manufacturing tolerances
and sensor aging. Alternatively, the slope K can be calculated using the
temperature perturbation method using only one O2 concentration.
This is schematically shown in Fig. 2. Since only one O2 concentration is
needed and the temperature can be changed using the sensor heater
electronics, the sensor can be recalibrated any time there is a known
oxygen concentration - for example at engine-oﬀ condition (ambient
oxygen concentration). This recalibration can be used to remove the
eﬀect of mass production variation between diﬀerent sensors or sensor

T = c1 (Rpvs )c2

(7)

where T is temperature in K and Rpvs is the impedance of the reference
Nernst cell in Ohms. For this sensor c1 = 1396, c2 = −0.0559 are determined using a nonlinear least squares ﬁt [40] with a squared correlation coeﬃcient of R2=0.991.
Eq. (7) was used to calculate sensor temperature from Rpvs during
the steady state and transient tests. The sensor temperature calculated
by a heat transfer model [33] is compared to the correlation in Eq. (7)
versus Rpvs, shown in Fig. 4 (a), with the residuals shown in Fig. 4 (b).
The temperature model has maximum error of 6.25 K (0.58%) at Rpvs=
100 Ω (T= 1086 K) as shown in Fig. 4. The model error ﬁrst decreases
by increasing Rpvs and then increases to 4.2 K (0.43%) at Rpvs= 660 Ω
(T=975 K).
A temperature perturbation test around the sensor normal operation
temperature was performed to evaluate the model accuracy for the
rising and falling temperature steps. The test was carried out at engineoﬀ with the standard T = 1023 K as the reference sensor temperature.
The sensor output at all other sensor temperatures were deﬁned based
on the reference output at T=1023 K using Eq. (5). The transient and
steady state results of the perturbation test are shown in Fig. 5 which
shows a comparison of desired temperature versus the sensor temperature calculated from (Eq. (7)). In addition, a comparison of model
current I p1 (Eq. (5)) versus experiment for step changes in set point
temperature is also shown in Fig. 5.
The model is capable of accurately simulating the eﬀect of temperature perturbation on the sensor output in steady state and transient
condition as shown in Fig. 5. The overshoot and undershoot in sensor
output shown in Fig. 5 are caused by the overshoot and undershoot of

Fig. 2. IP1 vs O2 linear function calibration using temperature perturbation.
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(a) ECM NOx sensor and the control module

(b) Diesel Engine, Dynamometer and exhaust system
Fig. 3. Experimental setup.

4.2. Sensor diagnostics and self-calibration

Table 1
O2 - NOx sensor and module characteristics [38].
NOx measurement range
O2 measurement range
NOx measurement accuracy
O2 measurement accuracy
Response time

A valid sensor output must be within a certain range deﬁned by
oxygen mole fraction in the environment. The O2 mole fraction in the
environment is a function of relative humidity in air [41]. Assuming the
atmospheric air as an ideal-gas mixture with total pressure (pa) which is
the sum of the partial pressure of dry air (pa,dry) and the partial pressure
of water vapor (pv) [41]:

0 to 5000 ppm
0 to 25%
± 5 ppm
± 0.2%
Less than 1 s for NOx and less than 150 ms for O2

pa = pa, dry + pv

Table 2
Engine characteristics.
Engine type
Displacement
Peak torque
Peak power
Aspiration
Certiﬁcation level

(8)

This shows that the partial pressure of species in humid air is less
than dry air due to the partial pressure of water vapor. Therefore, O2
mole fraction in air is [42]:

In-line, 4-cylinder
4.5 L
460 lb-ft (624 N.m) @ 1500 rpm
165 hp (123 kW) @ 2000 rpm
Turbocharged and intercooler
Tier 3/Stage IIIA

ϕO2 (%) = ϕO2, dry (%) − ch (T ) × RH

(9)

where, ϕO2, dry is O2 mole fraction in dry air (≈ 20.9%) and is a weak
function of environment temperature [41]. The relative humidity is RH
and ch(T) is the temperature correction factor that increases with
temperature [42]. It should be noted that the atmospheric pressure
(altitude) also aﬀects the absolute partial pressure of O2 in the atmospheric air. However, the O2 mole fraction in air is not aﬀected by the
atmospheric pressure. Considering the worst case scenario to be 100%
relative humidity at 60°C and 101 kPa, the minimum possible value of
O2 % is 16.8% according to [41]. The maximum possible O2 % is for dry
air and is considered to be 20.9% [41]. Thus, the acceptable range for
O2 sensor output is deﬁned based on the maximum and minimum valid
values. If the sensor output is out of this range, a diagnostic can be
generated to indicate that the sensor is not working properly and needs
to be recalibrated or perhaps even replaced. This is a binary plausibility
diagnostic of: “working properly” or “problem”. The next level is a more
complex diagnostic used to evaluate the sensor performance. Eq. (5) is
used to estimate ΔIP1 for a given ΔT (ΔIP1 (model) ). The sensor accuracy
and plausibility are evaluated by comparing the ΔIP1 (model) and ΔIP1 (test ) .
The test error, et, is:

sensor temperature control as shown in Fig. 5. The maximum overshoot
and undershoot in sensor output were 12.8% and 8.8% respectively
with the maximum “2% settling time” of 14.6 s. It should be noted that
the temperature controller is designed for regulating the temperature at
T=1023 K and is not tuned for steps in sensor temperature, so the
overshoot is expected. This can be seen by comparing the actual temperature to the set point temperature. This diﬀerence can be signiﬁcantly reduced by tuning the temperature controller parameters on
the sensor control module.
With T1= 1010 K and ϕO2,0 = 20.7 %, ΔIP1 |ϕO2,0 = +0.105 (mA) for
ΔT = +45 K the parameter K in Eq. (6) is calculated as k= 0.1543.
This point was then used as the base point to evaluate the eﬀect sensor
reference temperature and temperature step size on ΔIP1. This is shown
in Fig. 6 where increasing reference sensor temperature (T1) decreases
ΔIP1 for a ﬁxed ΔT. In other words, the slope of ΔIP1 vs. ΔT decreases as
the sensor temperature increases and therefore, sensitivity of sensor
output steps to temperature perturbation decreases by increasing sensor
temperature. This conclusion is valid for the whole range of sensor
operating temperatures which varies from sensor to sensor. In this
range, the sensor temperature should be high enough to activate the
sensor electrochemical reactions and lower than the melting point of
electrodes. After the sensor temperature step, steady state is achieved
for the constant values in Fig. 5.

et = ΔIP1 (test ) − ΔIP1 (model)

(10)

This is schematically shown in Fig. 7.
A variety of diagnostic tests including a model based method can be
used on the system shown in Fig. 7 [43-47] but these are not the subject
of this paper. A high value of et means that either the sensor diﬀusion
barrier is damaged or the sensor temperature controller is not working
properly. For instance, according to Eq. (5), for ϕO2, dry = 20.7 % and
T0=976 K, a 100°C deviation between the actual ΔT and the required
ΔT, causes a 0.29 mA increase in et and 2% error in oxygen measurement assuming the sensor barrier is working properly. A damaged
65
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Fig. 4. a) Sensor temperature from heat transfer model [33] (symbols) and Eq. (7) correlation (line) versus Nernst Cell impedance RPV S b) Temperature error as a
function of RPV S.
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Fig. 5. Transient sensor behavior during sensor temperature perturbation test.
Fig. 6. The eﬀect of temperature step size and reference temperature (T1) on
ΔIP1. Experimental results are from Fig. 5 (steady state).

diﬀusion barrier can cause much more deviation than this by eﬀecting
the diﬀusion mechanism inside the sensor. Choosing a maximum allowable error in O2 measurement of 0.2%, the maximum value of
0.03 mA was considered for for et (etMAX = 0.03 mA).
The eﬀect of sensor aging can also increase et and this error can be
nulled by re-calibrating the sensor. External measurement of relative
humidity in the environment can be used to recalibrate the sensor according to Eq. (9). The proposed sensor diagnostics and recalibration
strategy are shown in Fig. 8.
The ﬁrst step of the sensor diagnostics is the plausibility check
where the sensor output is evaluated by checking whether it is within a
valid range. In the second step, the temperature perturbation test is
done to calculate the error, et, between the expected ΔI p1 from the
model and the actual ΔI p1 from the test result. A simple diagnostic is to
see if et is more than etMAX . If it is, a recalibration loop takes place to

check if the error can be removed by sensor recalibration. If the error is
removed in the ﬁrst recalibration loop, it is assumed that the sensor is
still reliable and working properly and recalibration is needed to account for minor changes in the sensor diﬀusion barrier characteristics.
In this case, recalibrating the sensor output vs. actual oxygen concentration will increase the sensor accuracy. As mentioned, due to
partial pressure of water vapor, measuring the relative humidity with
an external measurement system, increases the reliability of sensor
calibration. However, if the test error is higher than the limit after the
ﬁrst recalibration loop, then either the sensor temperature controller
that includes the heater does not work properly or the sensor diﬀusion
barrier is damaged (diagnosed) or an unknown error.
The diagnostics strategy that has been developed in this work, only
monitors the ﬁrst diﬀusion barrier and O2 sensing cell of a NOx sensor
66
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Table 3
Interpretation of the diagnostics test result.
Diagnostics result

Is O2 output reliable?

Is NOx output reliable?

Not passed
Passed

NO
YES

NO
Not diagnosed

sensor O2 output as a function of sensor temperature and oxygen concentration based on normal multi-component diﬀusion mechanism of
exhaust gas species through the sensor. A temperature perturbation
method was proposed and used to calibrate the sensor output with respect to oxygen concentration. To evaluate the accuracy of the model in
steady state and transients, temperature perturbation tests for both
rising and falling sensor temperature steps are performed experimentally and the model results closely match the experiments.
A two step sensor diagnostics strategy was then proposed to evaluate the sensor output based on the sensor output validity range and a
model-based diagnostics strategy that includes a temperature perturbation test. A self-calibration procedure was included in the diagnostics
procedure which requires an external relative humidity measurement.
The plausibility of the sensor output as well as the performance of
sensor heater and diﬀusion barriers can be evaluated with the proposed
physics-based diagnostics strategy.

Fig. 7. Error calculation for temperature perturbation test.

as well as the performance of sensor temperature controller. This procedure makes O2 sensor output and NOx sensor output more reliable as
both O2 and NOx species pass through the ﬁrst diﬀusion barrier.
However, any failure in electrochemical performance of NOx sensing
cell (second chamber) is not monitored with this diagnostics strategy
and therefore it does not provide an absolute conﬁrmation for NOx
output validity. This diagnostics is a necessary but not suﬃcient requirement for proper NOx sensor operation (Table 3). If the sensor does
not pass diagnostic results, neither O2 nor NOx output are reliable and
the sensor must be replaced. Diagnostics of the electrochemical system
of the NOx sensing cell will be studied in our future work.
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5. Conclusions
An on-board diagnostics strategy was developed using a physicsbased model of an amperometric NOx-O2 sensor. The model predicts the

Fig. 8. Sensor diagnosis schematic (Engine oﬀ condition). * Acceptable output range for ϕO2 is between 16.8% and 20.9%.
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