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ARTICLE INFO ABSTRACT

Keywords: Amperometric NO, sensors are increasingly used in automotive industry to meet the stringent emission mea-
On-board diagnostics (OBD) surement regulations. These sensors measure O, and NOy concentration using two different sensing cells. In this
O, sensor work, a physics-based model was developed and then employed to predict the sensor output for oxygen as a

Amperometric NOy sensor

Diesel engi function of sensor temperature and oxygen concentration. A temperature perturbation method was also devel-
1esel engine

oped based on the model to calibrate the sensor output with respect to oxygen concentration. The model ac-
curately 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-cali-
bration 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 NOy and O, sensors are used in the automotive industry
for on-board measurement of NO, concentration in exhaust gas [1].
These sensors are typically Zirconia-based amperometric sensors man-
ufactured using the planar zirconia multilayer technology [2-4]. The
small size, fast response, short light-off time and low price make Zir-
conia-based amperometric NO, and O, sensors ideal for commercial
combustion engines [5-7]. Amperometric NO, sensors simultaneously
measure the O, and NO, concentration [8].

High NO, and particulate matter emissions are challenges to meet
emission standards with Diesel engines [9-11]. Selective Catalytic Re-
duction (SCR) system [12, 13], Exhaust Gas Recirculation (EGR) [13,
14] and Low Temperature Combustion (LTC) [15, 16] are the most
effective methods to reduce NO, emissions. Real-time measurement of
the actual NO, concentration has become essential for engine com-
bustion 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 vehi-
cular 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 after-
treatment 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 re-
liable on-board diagnostics of emission sensors in addition to the other
aftertreatment components. Reliable physics-based diagnostics strate-
gies 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 am-
perometric NOy sensor has two main chambers that are used to measure
0, and NO, concentrations. In the first chamber O, 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 NOy is reduced. The oxygen ions from NO, are pumped
out to the third chamber (reference chamber) with a pumping current
proportional to NO, concentration.


http://www.sciencedirect.com/science/journal/01672738
https://www.elsevier.com/locate/ssi
https://doi.org/10.1016/j.ssi.2018.04.004
https://doi.org/10.1016/j.ssi.2018.04.004
mailto:aliramez@ualberta.ca
https://doi.org/10.1016/j.ssi.2018.04.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ssi.2018.04.004&domain=pdf

M. Aliramezani et al.

The diffusion of species through the sensor barriers and the elec-
trode 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 tem-
perature 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 measure-
ment.

2. Sensor model
2.1. Sensor working principle

An amperometric NOy sensor consists of two measuring chambers to
measure O, and NOy 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 O, from the
first chamber with a pumping current (Ip,) that is proportional to O,
concentration in the environment. All NO, is reduced to NO on the
electrode located in this chamber. This makes it possible to measure
NOy concentration in the second chamber. This work focuses on the
first chamber of a NO, sensor which functions as an amperometric O,
sensor. Therefore, all the results and discussions are also relevant for an
amperometric O, 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 O, is proportional
to the diffusion rate of O,.

As each oxygen molecule transfers 4 electrons into the cavity, the
pumping current is:

I, = 4F X Rgi,02 @

where, fgy 0, is the diffusive molar flux of oxygen through the first
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diffusion barrier. The effect of NO, reduction to NO is neglected in Eq.
(1) since NO, concentration is typically almost 3 orders of magnitude
lower than O, concentration during Diesel engine operation [35].

2.2. Diffusion of exhaust gas species through the sensor

The relative mass flux (j) of species i (j;) is calculated using Fick's
law [36]:
. dg;
b= =pbig @
where, p, and ¢; are mean density and concentration of species i re-
spectively. 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 D; is calculated
using mixture averaged method and Fuller correlation for normal multi-
component diffusion [36]:
1—w

D= S

q#1 Dyg 3)

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

10—3T1.75 (L + L)l/z
M My

T P + Gn)P )

in which, P is absolute pressure in atm, T is in K and (Zv); is the dif-
fusion 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 = -D;
T

where ¢ is porosity and defined as: € = %, V, and V .,y are the void
volume and the total volume of the porous media respectively and r is
tortuosity which characterizes the mean path length that a molecule has
to travel within the porous media. The factor ¢/7 is typically assumed to
be constant for a given porous material [32, 37].

First chamber

T To the second chamber

(Multi-component diffusign)

’ 0, N, €O, H,0, NO, |

Inlet 1 | (Multi-component diffusion)

(Engine exhaust | .
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First porous diffusion barrier

02 & NO; reduction, O
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N,, CO,, H,0, NO
L

1
(Multi-component diffusion) 1
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Cell Voltage
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Fig. 1. Working principle and boundary condition of the first chamber of NOy sensor (an O sensor).
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2.3. Sensor output as a function of temperature and O, concentration

Combining Egs. (1), (2), (4), using ideal gas law and assuming all
oxygen is immediately pumped out from the first chamber
(b0, st chamber = 0), results in: I, o« T°7 and I, « @,,. Where, ¢, is Oz
concentration in the surrounding gas. Therefore:

K
Ip, (T, x0,) = k x T°7 X ¢, (5)

in which, k is a constant and K is the slope of the linear function of Ip,
versus ¢,,. At a constant O, concentration (¢, o, reference concentra-
tion), if the sensor temperature changes from T; to T, the current ratio

In(M) ..
(5 0.75
5

is:
Ip ()
Ipl (T, ¢oz,o) _ k x T20.75 X ¢Oz,0
Ip (L, ¢0,0) kX% 7 x ®0,0

The change in pumping current between condition two (at T,) and
condition one (at T;) is:
AIPl |¢02,0 = Ipl(TZ’ ¢02,0) - IPl (Ti’ ¢02,0)

=k X T3 X ¢o,0 =k X TP X ¢,

0.75 . \°7
=k><¢'02’0>< Tl‘ X (H) - 1)

with
f = Al P1|¢Oz,0
B0 T [ (%)0.75 B 1]
and
‘o Alplg,  pors
¢02,0 T10'75 [ (%)0.75 _ 1] ©
where, ¢, , is the reference O, concentration and Alp, |¢02y0 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 Ip, being linearly dependant to changes in ¢,. The
slope of the linear Ip, function vs ¢,, (K) is calibrated by the sensor
manufacturer. To do this, external measurements of O, via a reference
measurement system for at least two O, 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 O, concentration.
This is schematically shown in Fig. 2. Since only one O, 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

|
L L SIS
>|_Tl_! IE: A'PLI_—:—AM—MlopeK \V

S B | T

Fig. 2. Ip; vs O, linear function calibration using temperature perturbation.

Ty

SR A ——

Sensor normal
operation
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aging when necessary. In addition, the methodology will be used to
develop a sensor diagnostics strategy.

3. Experimental setup

The experiments were carried out using a production ECM O, - NOy
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 con-
trols 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 engine-
off. At this condition the sensor O, 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 (= 94kPa) 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 tem-
perature by controlling the heater power mounted inside the sensor.
The impedance of the reference Nernst cell (R,,s) varies with sensor
temperature and this was used to measure and control the sensor
temperature.

4. Results and discussion
4.1. Model validation

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

T=¢ (vas )Cz (2]
where T is temperature in K and Ry, is the impedance of the reference
Nernst cell in Ohms. For this sensor ¢; = 1396, ¢, = —0.0559 are de-

termined using a nonlinear least squares fit [40] with a squared corre-
lation coefficient of R?=0.991.

Eq. (7) was used to calculate sensor temperature from R,,; 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 Ry, shown in Fig. 4 (a), with the residuals shown in Fig. 4 (b).
The temperature model has maximum error of 6.25K (0.58%) at Rp,s=
100 Q (T= 1086 K) as shown in Fig. 4. The model error first decreases
by increasing R,,s and then increases to 4.2K (0.43%) at R,,s= 660 Q
(T=975K).

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 engine-
off 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 tem-
perature calculated from (Eq. (7)). In addition, a comparison of model
current I, (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 tem-
perature 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
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(a) ECM NOx sensor and the control module
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(b) Diesel Engine, Dynamometer and exhaust system

Fig. 3. Experimental setup.

Table 1
0O, - NO, sensor and module characteristics [38].

NO, measurement range 0 to 5000 ppm

O, measurement range 0 to 25%
NOy measurement accuracy + 5ppm
O, measurement accuracy + 0.2%

Response time Less than 1 s for NO, and less than 150 ms for O,

Table 2
Engine characteristics.

Engine type In-line, 4-cylinder

Displacement 45L

Peak torque 460 1b-ft (624 N.m) @ 1500 rpm
Peak power 165hp (123 kW) @ 2000 rpm
Aspiration Turbocharged and intercooler

Certification level Tier 3/Stage IIIA

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 14.6s. It should be noted that
the temperature controller is designed for regulating the temperature at
T=1023K and is not tuned for steps in sensor temperature, so the
overshoot is expected. This can be seen by comparing the actual tem-
perature to the set point temperature. This difference can be sig-
nificantly reduced by tuning the temperature controller parameters on
the sensor control module.

With T; = 1010K and ¢, , = 20.7 %, Alplg, ;= +0.105 (mA) for
AT = +45K 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 Alp,. This is shown
in Fig. 6 where increasing reference sensor temperature (T;) decreases
Alp, for a fixed AT. In other words, the slope of Alp, vs. AT 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.
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4.2. Sensor diagnostics and self-calibration

A valid sensor output must be within a certain range defined by
oxygen mole fraction in the environment. The O, 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 (p,) which is
the sum of the partial pressure of dry air (ps,qr,) and the partial pressure
of water vapor (p,) [41]:

Py = Paary + D, (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, O,
mole fraction in air is [42]:

$0,(%) = b0, ary (%) — cn(T) X RH ©))

where, ¢Oz,dry is O, mole fraction in dry air (= 20.9%) and is a weak
function of environment temperature [41]. The relative humidity is RH
and cp(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 O, in the atmo-
spheric air. However, the O, 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
0, % is 16.8% according to [41]. The maximum possible O, % is for dry
air and is considered to be 20.9% [41]. Thus, the acceptable range for
O, 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 Alp, for a given AT (Alp,(mode)- The sensor accuracy
and plausibility are evaluated by comparing the Alp, (modery and Alp, (gest)-
The test error, e, is:

e = AIPl(te:t) - AIPl(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 e, 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 ¢, 4, = 20.7 % and
To=976K, a 100°C deviation between the actual AT and the required
AT, causes a 0.29 mA increase in e, and 2% error in oxygen measure-
ment assuming the sensor barrier is working properly. A damaged
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Fig. 4. a) Sensor temperature from heat transfer model [33] (symbols) and Eq. (7) correlation (line) versus Nernst Cell impedance Rpy s b) Temperature error as a

function of Rpy s.
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Fig. 5. Transient sensor behavior during sensor temperature perturbation test.

diffusion barrier can cause much more deviation than this by effecting
the diffusion mechanism inside the sensor. Choosing a maximum al-
lowable error in O, measurement of 0.2%, the maximum value of
0.03 mA was considered for for e, (etyrax = 0.03 mA).

The effect of sensor aging can also increase e, 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 ac-
cording 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, e, between the expected AI, from the
model and the actual AI, from the test result. A simple diagnostic is to
see if e, is more than e,,,,,. If it is, a recalibration loop takes place to
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Fig. 6. The effect of temperature step size and reference temperature (T;) on
Alp,. Experimental results are from Fig. 5 (steady state).

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 ac-
count for minor changes in the sensor diffusion barrier characteristics.
In this case, recalibrating the sensor output vs. actual oxygen con-
centration 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 O, sensing cell of a NO, sensor
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Relative humidity in
the environment

Fig. 7. Error calculation for temperature perturbation test.

as well as the performance of sensor temperature controller. This pro-
cedure makes O, sensor output and NO, sensor output more reliable as
both O, and NO, species pass through the first diffusion barrier.
However, any failure in electrochemical performance of NO, sensing
cell (second chamber) is not monitored with this diagnostics strategy
and therefore it does not provide an absolute confirmation for NOy
output validity. This diagnostics is a necessary but not sufficient re-
quirement for proper NO, sensor operation (Table 3). If the sensor does
not pass diagnostic results, neither O, nor NO, output are reliable and
the sensor must be replaced. Diagnostics of the electrochemical system
of the NO, sensing cell will be studied in our future work.

5. Conclusions

An on-board diagnostics strategy was developed using a physics-
based model of an amperometric NO,-O, sensor. The model predicts the

Diagnostic requested and Engine off

output (Ip;)

Solid State Ionics 321 (2018) 62-68

Table 3
Interpretation of the diagnostics test result.

Diagnostics result Is O, output reliable? Is NOy output reliable?

NO
YES

NO
Not diagnosed

Not passed
Passed

sensor O, output as a function of sensor temperature and oxygen con-
centration 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 re-
spect 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 experimen-
tally and the model results closely match the experiments.

A two step sensor diagnostics strategy was then proposed to eval-
uate the sensor output based on the sensor output validity range and a
model-based diagnostics strategy that includes a temperature pertur-
bation 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.
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