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Abstract

Production engine emission sensors have become essential for on-board measure-

ment in the exhaust gas and for engine feedback control.

To help design future amperometric sensors, first the diffusion mechanism of a

zirconia-based amperometric NOx sensor was examined by studying the effect of sen-

sor temperature on sensor output. The multi component molecular diffusion mecha-

nism was experimentally found to be the dominant diffusion mechanism that affects

the diffusive flow through the sensor diffusion barriers. A sensor model was developed

based on this dominant diffusion mechanism to predict NOx concentration which was

validated with the experiments at different Diesel engine operating conditions with

different species concentrations.

Then, a physics-based sensor model that includes diffusion and electrochemical

submodels is developed. It is shown that NO is partly reduced in the O2 sens-

ing chamber which affects NO concentration in the O2 sensing chamber and in the

NOx sensing chamber. Therefore, the electrochemical model is developed to simu-

late partial reduction of NOx on the O2 sensing electrode and reduction of NOx on

the NOx sensing electrode. A transport model that simulates diffusion of the gas

species through the sensor diffusion barriers and sensor chambers is coupled to the

electrochemical submodels. Experiments at different engine operating conditions with

different NOx concentrations from 0 to 2820 ppm have been performed to validate the

model accuracy at different operating conditions. The model results closely match

the experiments with a maximum 12% error for the NOx sensing pumping current.

Cross-sensitivity of electrochemical sensors to the other exhaust gas contamina-

tions, especially NH3, is still a challenge for the automotive industry. A dynamic

NOx sensor model is developed to remove ammonia cross sensitivity from produc-

tion NOx sensors mounted downstream of Diesel-engine selective catalytic reduction
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(SCR) systems. The model is validated for large amounts of ammonia slip during

different engine transients. A three-state nonlinear control oriented SCR model is

also developed to predict the NH3 concentration downstream of the SCR (NH3 slip).

NH3 slip is then used as an input for modeling the cross sensitivity of a production

NOx sensor and calculating the actual NOx concentration in the presence of NH3 con-

tamination.

A limiting-current-type amperometric hydrocarbon sensor for rich conditions (in

the absence of O2) is also developed. The transient performance and stability of the

sensor are optimized by changing the sensor temperature, the reference cell potential,

and the stabilizing cell potential at a high propane concentration (5000 ppm - balanced

with nitrogen). Then, the sensor steady state behavior is studied to find the diffusion-

rate-determined operating region. The sensor is shown to have a linear sensitivity to

propane concentration from 0 to 3200 ppm. The sensor response time to different

step changes from zero propane concentration to 5000 ppm propane concentration is

studied. It is shown that propane concentration does not have a significant effect on

the sensor response time.

Sensor and engine On Board Diagnostics (OBD) is the last part of this thesis. 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 in steady state and transient. A two step sensor diagnostics

procedure based on the sensor temperature perturbation method was then proposed.

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.
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Finally, based on experimental data, a Multi-Input Multi-Output (MIMO) con-

trol oriented diesel engine model is developed to predict engine NOx emission and

brake mean effective pressure (BMEP). The steady state engine NOx is modeled as a

function of the injected fuel amount, the injection rail pressure and the engine speed.

The BMEP is assumed to be a function of the injected fuel amount and engine speed.

Then, an engine dynamic model was developed by adding first order lags to the static

NOx and BMEP models. This two-state control oriented model is used to represent

the dynamic model. The engine response to step changes of injection pressure and

injected fuel amount are examined and compared with the experimental data. The

developed control oriented model can be used for both engine and NOx sensor on

board diagnostics and for engine control with NOx sensor feedback.
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Chapter 1

Introduction

This Chapter details the motivation of this thesis as well as the problems addressed

in this thesis and provides an overview of the solution.

1.1 Diesel engine main emissions

The high efficiency, fuel economy advantages at full-load and part-load conditions

as well as the long lifetime of Direct Injection (DI) Diesel engines has made them

interesting for power generation systems and particularly for the automotive industry

[1, 2]. However, new engine control strategies and after treatment systems are needed

to meet the stringent emission regulations [3–5].

1.1.1 Nitrogen oxides (NOx)

The high combustion temperatures and the lean air-fuel mixture of Diesel engines

leads to a relatively high NOx emission. The NOx emission in Diesel engines mainly

consists of Nitrogen monoxide (NO) and Nitrogen dioxide (NO2). Typically, the

engine exhaust contains 70%-90% NO and 10%-30% NO2 [6]. In the presence of

Diesel Oxidation Catalyst (DOC) the NO2/NO ratio increases after the DOC to

approximately 1 [7].
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1.1.2 Particulate matter (PM)

PMs are complex structures formed by soot, hydrocarbons (resulting from fuel and

lubrication) and other minor materials [8]. The composition of PMs varies with the

engine operating condition [9, 10]. PM emissions and NOx emissions are connected

by a tradeoff [11]. In general, PM concentration decreases when NOx increases [12].

1.1.3 Carbon dioxide (CO2)

Based on a study carried out in 2015, the top ten world CO2 emitter countries were

China, United States, India, Russia, Japan, Germany, South Korea, Iran, Canada,

and Saudi Arabia, respectively, for which the overal contribution is more than two-

thirds of the world CO2 emission [13]. Road transport currently contributes about

20% of the European Unions (EU) total CO2 emissions [14]. CO2 formation is propor-

tional to the fuel consumption and therefore, apart from the CO2 emission regulations

[15], CO2 emission limits are also driven by the fuel economy demanded by the users.

NOx, PM and CO2 are the most critical emissions of Diesel engines [16].

1.1.4 Carbon monoxide (CO)

CO is a colourless, odourless, non-irritating but highly toxic gas which is a sub-

product of the combustion [17, 18]. Diesel engines typically operate at lean condition

(higher air-fuel ratio than the stoichiometric air-fuel ratio), therefore, CO emission

is a less critical emission than NOx and PM, although it is still one of the most

important emissions of Diesel engines [19].

1.1.5 Unburned Hydrocarbon (UHC)

UHCs are a product of an incomplete combustion of the injected fuel due to low tem-

perature or locally or globally rich conditions inside the cylinder [20]. This includes
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non-burnt HC and partially oxidised HC. Typically, the UHC and CO emissions in-

crease and decrease with each other in a Diesel engine [21].

1.2 Spark Ignition (SI) engine main emissions

For SI engines the primary pollutants are NOx, (primarily nitric oxide, NO), CO and

UHCs [22]. In addition, the PM emission of direct injection SI engines is also high

and critical [23, 24]. Similar to Diesel engines, CO2 emission represents the engine

fuel consumption, although this relation is also a function of fuel type [22, 25].

Three-Way Catalyst (TWC) is a proven aftertreatment system that significantly

reduces UHC, CO and NOx emissions of SI engines that work with stoichiometric

air-fuel ratio [26]. Although aftertreatment systems of SI engines are not the focus

of this research, the emission measurement methods discussed here can be used for

Diesel or SI engines and other applications.

1.3 Motivation

The main objective of this research is to understand the working principle of the

existing production amperometric sensors used in the automotive industry and to

develop new sensors with different sensitivities by only changing the sensor operating

parameters. The results of this research help to reduce the sensor cross sensitivity

to undesired species (such as NH3) and to increase the sensor sensitivity to desired

species (such as NOx and unburned hydrocarbons).

1.3.1 Emission regulations for Diesel and SI engines

The second phase of EPA regulation for on-board diagnostic (OBD-II) requires mon-

itoring the performance of aftertreatment systems and turning on the Check Engine

light if the tailpipe emission levels remain 50 % higher than the standard for more than
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a specific period of time [3]. Maintaining emission standards has become increasingly

difficult due to the stringent emission regulations [26].

The National Highway Traffic Safety Administration (NHTSA) and the Environ-

mental Protection Agency (EPA) have recently issued regulations to reduce vehicular

emissions for vehicles manufactured by the end of 2025. The EPA regulations limits

production of CO2 to less than 101.3 g/km (163 g/mile) of which is equivalent to an

average fuel consumption of 4.32 L/100 km (54.5 mpg) [27]. The stringent regulations

also strictly limit the NOx and particulate emissions [3].

EU Non-Road Mobile Machinery (NRMM) Stage V, introduced a limit on the

number of particles (PN) of 1 [×1012/kW.hr] equivalent to a particulate mass limit

of 15 mg/kW-hr for land-based engines with output power between 19 and 560 kW

[28]. The NOx limit for the main engine category remains unchanged compared with

Stage IV at 400 [mg/kW.hr] while for engines with output powers higher than 560

kW, must be lower than 3.5 [g/kW.hr].

1.3.2 The need of on-board emission measurement in combustion engines

According to the stringent emission regulations [29, 30], any fault in any emission-

relevant device must be detected and reported through on-board diagnostics (OBD)

[31]. The first OBD standard was passed as a law in 1970 by the US congress to

reduce the adverse effect of vehicular emissions on the environment [32]. In 1996, an

updated standard (OBD II) was introduced. OBD II standard mandates monitoring

of any electronic powertrain system or component that provides input to, or receives

commands from the electronic control unit (ECU) [31].

Real-time measurement of the actual engine-out and tailpipe emissions has be-

come essential for engine combustion control and for exhaust aftertreatment systems

efficiency [33, 34]. As a case in point, high NOx and particulate matter emissions

are challenges of meeting emission standards with Diesel engines [3–5]. Exhaust Gas
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Recirculation (EGR) [35, 36], Selective Catalytic Reduction (SCR) system [36, 37]

and Low Temperature Combustion (LTC) [38, 39] are the most effective methods to

control and reduce NOx emissions and realtime emission measurement plays a piv-

otal role in improving the performance of these systems [40]. Exhaust gas sensors

are used upstream and/or downstream of after-treatment systems to monitor their

performance and efficiency [32, 41]. To meet increasingly stringent emission stan-

dards, the accuracy of the emission sensors also needs to be increased [42–46]. This

requires reliable on-board diagnostics of emission sensors in addition to the other

aftertreatment components.

Finally, many experimental studies have shown that the actual vehicular emissions

can be much higher than the emission levels passed through standard certification

tests. For instance, more than half of the randomly selected Euro 6 diesel cars tested

with Exhaust Gas Recirculation (EGR) or Selective Catalytic Reduction (SCR) sys-

tems, had NOx emissions six times higher than the certified level [47]. Another study

showed that out of three tested vehicles, the best (urea-SCR) was 3-4 times higher

than the certified level in portable emissions measurement system (PEMS) testing

while the highest actual emission was 5-7 times higher than the certified level [48].

The European Commission has agreed to use portable emissions measurement sys-

tem for measuring the actual emissions for diesel NOx and Gasoline Direct Injection

(GDI) PN [49].

1.3.3 Thesis outline

The remainder of this thesis is organized as follows:

• Chapter 2 provides a background on Diesel exhaust gas aftertreatment and

electrochemical sensors.

• Chapter 3 details the experimental setup used for engine testing and sensor
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testing including emission measurement equipment.

• Chapter 4 describes the diffusion mechanism in the NOx sensor as a function of

sensor temperature and is partially based on publication [50].

• Chapter 5, provides a more detailed electrochemical model of the amperometric

NOx sensor and is based on [51].

• Chapter 6 investigates cross sensitivity of the NOx sensor to ammonia and

converting the NOx sensor to measure HC and looking at cross sensitivity to

NOx and O2. This chapter is based on publication [33], [52] and [53].

• Chapter 7 utilizes the NOx sensor for diagnostics and is based on publications

[54] and [55].

• Finally in chapter 8 conclusions are drawn.

1.3.4 Contributions

To summarize, the main contributions of this thesis are:

1. Setting up a medium duty Diesel engine for experimental analysis.

2. Developing a comprehensive physics-based model of an amperometric NOx-

O2 sensor.

3. Developing a sensor test rig where 6 gases can be mixed using mass flow con-

trollers which control the flow over the sensor.

4. Converting the NOx sensor a variable-potential limiting-current-type ampero-

metric hydrocarbon sensor to measure propane concentration in rich condition.

5. Investigating cross sensitivity of the NOx sensor to ammonia using an SCR

model.
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6. Investigating the effect of operating parameters of an amperometric NOx-O2

sensor on the sensor response.

7. Developing a phenomenological sensor diagnostics strategy used for diagnosing

sensor errors and for recalibrating the sensor at engine off.

8. Developing a Diesel engine control oriented NOx emission model to be used for

feedback control and On-Board Diagnostics (OBD).

The journal papers and conference papers that resulted from this work are listed

in Appendix A.
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Chapter 2

Background

This chapter provides an overview of the topics of this thesis that are discussed in the

context of research in the literature.

2.1 Diesel Exhaust Aftertreatment

2.1.1 Diesel Particulate Filter (DPF)

Diesel Particulate Filters (DPF)s are used to trap particulate matters (PM) from

the exhaust gas and to increase the reactivity of the trapped particles during DPF

regeneration [56]. DPFs are capable of removing more than 90% of the PMs [57].

DPF physically filters the PMs which consequently increases the pressure drop over

the filter. The increase of pressure drop increases engine back pressure and reduces

the engine thermal efficiency [58]. To compensate this effect, the PMs should be

removed by reacting and burning them through a DPF regeneration process.

Active regeneration and passive regeneration are the two main methods of re-

moving PMs from the DPF [59, 60]. Active regeneration is achieved by periodically

increasing the exhaust gas temperature to more than 550◦C by fuel post-injection

[59]. On a production vehicle, active DPF regeneration is done every few minutes

during a normal urban driving cycle [61, 62]. Passive regeneration takes place on
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a catalyst-coated DPF where PMs are oxidized on the surface of the catalyst with

O2 and NO2 [60].

2.1.2 Diesel Oxidation Catalyst (DOC)

Diesel Oxidation Catalyst (DOC) is a honeycomb monolith catalyst that is used to

oxidize CO and HCs. The DOC also regulates NO/NO2 ratio in the exhaust gas.

The DOC’s honeycomb shaped monolith is usually washcoated with Pt or Pt/Pd on

an Al2O3 support, with CeO2 and zeolite components [63–65].

The reactions details inside the DOC are complex and not fully understood due

to the complicated species interactions and the numerous intermediary reactions [66].

2.1.3 Selective Catalytic Reduction Catalyst (SCR)

Urea-based Selective Catalytic Reduction (SCR) is an effective technique to reduce

the NOx emissions and to satisfy future emission standard regulations [67, 68]. A

schematic of an SCR system is shown in Figure 2.1. The 32.5% urea solution (AdBlue

or Diesel Exhaust Fluid) is injected into the upstream of the catalytic converter. The

amount of injected Adblue is determined using open-loop or closed-loop SCR control

strategies that can include NOx and/or ammonia (NH3) sensors for control strategies

[69–71].

2.1.3.1 Chemistry of the De-NOx SCR process

The main NOx reduction reactions of SCR are described as [72]:

4NH3 + 4NO +O2 → 4N2 + 6H2O (2.1)

2NH3 +NO +NO2 → 2N2 + 3H2O (2.2)

8NH3 + 6NO2 → 7N2 + 12H2O (2.3)
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Figure 2.1: SCR system schematic

NO is the dominant component of the engine-out NOx emission and in the absence

of DOC, the NO concentration would be more than 90% of overall exhaust NOx

(10% NO2 - this ratio also depends on the engine operating condition) [7]. The

reaction rate of Eqn. (2.1) is considered fast, so it is called the standard SCR reaction.

Eqn. (2.2) is also called a fast SCR reaction, typically the fastest and the most

preferred NOx reduction reaction [73]. A DOC increases the amount of NO2 by the

following reaction:

2NO +O2 → 2NO2 (2.4)

If the DOC is placed upstream of the SCR and if the amount of NO2 is increased

above a NO2/NO ratio of one, then the slow reaction of Eqn. (2.3) takes place [73].

Measuring the NOx concentration in the exhaust gas is essential for closed-loop

control of SCR systems [69, 74, 75]. However, the commercial NOx sensors are cross-

sensitive to ammonia (NH3). Therefore, the NOx sensor reading can differ from

the actual value [76]. Determining the actual NOx concentration is a challenge for

controlling urea injection of SCR systems.

Cross sensitivity of commercial NOx sensors to NH3, makes it difficult to achieve
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maximum NOx conversion in SCR control. Further, the time delay in the urea or

ammonia injection and SCR catalyst dynamics are the other important factors that

limit the performance of closed-loop SCR control [77].

2.2 Electrochemical gas sensors

The non homogeneous air-fuel mixture increases particulate matters [78] and the high

temperature inside the combustion chamber of Diesel engines increase the NOx [3, 79].

Different methods have been developed to reduce NOx emissions, including Exhaust

Gas Recirculation (EGR) [80], selective catalytic reduction (SCR) system [7] and

Low Temperature Combustion (LTC) [38]. New engine control strategies and after

treatment systems are needed to meet increasingly stringent NOx and particulate

emission regulations [3]. In-use sensors that continuously monitor emissions are used

in real-time feedback for combustion control to minimize the engine-out emissions

produced during the combustion process [81]. In addition, measuring the actual

NOx concentration is essential for urea injection control of SCR systems but because of

the cross sensitivity of NOx sensors to NH3[33], it is difficult to achieve the maximum

NOx conversion in SCR closed-loop control [69, 82].

Solid-state electrochemical gas sensors have many remarkable properties that make

them of special interest for a variety of applications such as automotive [33, 83],

biotechnology [84, 85], medical [86] and many other industries [87–89]. The reliability,

small size, fast response and low price of solid-state electrochemical sensors make them

ideal for automotive industry [54, 90, 91]. Potentiometric gas sensors, mixed potential

gas sensors, impedancemetric gas sensors and amperometric gas sensors are the main

types of electrochemical gas sensors. The working principle and the characteristics of

each type of gas sensors are explained next.
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2.2.1 Potentiometric gas sensors

The operating principles of potentiometric gas sensors is based on thermodynamic

kinetics and concentration gradients of species between a reference electrode and

a working electrode. Species or multi-phase mixtures that create a constant elec-

trochemical activity are used as the reference electrochemical cell. Therefore, it is

essential to isolate the reference electrode from the measuring gas [92, 93].

For instance, when a solid electrolyte (e.g. Yttria-Stabilized Zirconia, YSZ) is

exposed to an environment with partial pressure of oxygen equal to pO2 , the following

reaction takes place at the three-phase boundary (TPB) between the gas (g), the

electrolyte (YSZ) and the electrode (Pt) [94]:

O2(g) + 4e−(Pt) 
 2O2−(Y SZ) (2.5)

The electromotive force (emf) between electrodes is expressed by the Nernst equa-

tion [95]:

emf =
R̄T

4F
ln

(
pO2,s

pO2,ref

)
(2.6)

where pO2,s and pO2,ref are the partial pressure of O2 in the sample gas and the

reference gas, R̄ is the gas constant, T is temperature in K, and F is the Faraday con-

stant. Typically a reference gas mixture provides a constant oxygen partial pressure

on the reference electrode for a given temperature. Knowing the partial pressure of

O2 at the reference side, the partial pressure of O2 in the sample gas can be deter-

mined using Eqn. (2.6). This is the working principle of a potentiometric O2 sensor.

A similar approach can be used to measure the concentration of any electrochemically

active species.
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2.2.1.1 Mixed potential gas sensors

A mixed potential gas sensor is a specific type of potentiometric gas sensor that

consists of two electrodes that have different catalytic activity and are exposed to

the same measuring gas. The different catalytic activities of the electrodes create

different steady state potential from the electrochemically active species. The result-

ing potential difference is used to measure the concentration of specific species. The

main advantage of mixed potential sensor is that the sensor does not need a perfectly

isolated reference electrode [96].

2.2.2 Impedancemetric gas sensors

Impedancemetric gas sensors measure the sensor impedance spectroscopy over a range

of frequencies (AC measurements) to measure concentration of specific species [97,

98]. The impedance spectroscopy has been a promising technique to measure species

concentration by investigating the effect of frequency on the individual components

of the sensor electrochemical cell.

If the electrolyte, electrode-electrolyte interface and the bulk reactions that take

place inside the sensor chambers have sufficiently different time constants, the effect

of cell potential frequency on these components can be distinguished by impedance

spectroscopy [99].

Impedancemetric YSZ gas sensors has been reported to have sensitivity to

NOx [98, 100, 101], water vapor [102], combustible hydrogen-containing gases [103],

CO [98, 104], and hydrocarbons [98, 105].

Most of the impedancemetric sensors are operated in low frequencies (< 100 Hz)

since the sensor response for different species at different concentrations overlap in

high frequency range [98].
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2.2.3 Amperometric gas sensors

Solid electrolyte amperometric sensors are used for on-board exhaust measurement

of the NOx concentration at wet condition and this makes them ideal for combustion

engine emission measurement systems [106]. Amperometric sensors are increasingly

used in commercial combustion engines to meet the stringent emission regulations

[40]. They are used in conjunction with combustion improvement methods for thermal

efficiency and engine emission reduction [25, 38, 107]. Amperometric sensors generate

an output that is linearly dependant on the concentration of the measuring gas, which

makes them suitable for detecting high gas concentrations [50, 87].

In general, both the electrode reactions inside the sensor chambers and the dif-

fusion of exhaust gas species through the sensor diffusion barriers affect the sensor

output [108, 109]. When the sensor reaction dynamics are much faster than the

diffusion of species into the sensing chambers, the sensor is called limiting current

type [110]. In this case, the sensor output is proportional to the diffusion of species

through the sensor barriers into the sensor chambers. The diffusion mechanism of

species through an amperometric NOx sensor has been found to be the normal multi-

component diffusion mechanism through the sensor diffusion barriers [50].

The effect of electrochemical properties of electrodes on the sensing behavior of

solid state electrochemical gas sensors has been studied in detail [111–114]. The

sensitivity of amperometric sensors to gas species and the reliability of these sensors

are directly affected by electrochemical properties [115]. These properties include

electrode material [116–118], electrode potential [119], electrolyte properties [120–

122] and properties of the diffusion barrier [50, 54, 123, 124].

Typical current-voltage response of an amperometric sensor as the cell voltage

(VP ) is varied [50, 125, 126] is shown in Figure 2.2 for a NOx sensor. A detailed

description and schematic of sensor is given later in the thesis. The response is
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divided into six regions that depend on the sensing cell voltage. In region I, the cell

voltage is lower than the reversible potential and not high enough to cause reduction

of species on the cathode. Therefore, the reverse reaction (oxidation) takes place

causing a negative cell current. When the cell voltage is just above the reversible

potential, activation polarization becomes the rate-determining step. This phase is

labeled as region II. In region III, the cell current varies almost linearly with voltage,

based on Ohm’s law. In this region, the Ohmic loss dominates the cell voltage-current

relation. As the cell voltage increases further, the current-voltage relation becomes

non-linear in region IV and then the cell current finally reaches a saturation level

determined by the diffusion rate of oxygen into the chamber (region V). In region V

the pumping rate of (O2−) ions from the cell has reached its maximum level since

all available reducible molecules are being reduced on the cathode as soon as they

reach the electrode surface. The transition phase from ohmic behavior to the limiting

current region is marked as region IV.

Figure 2.2: Typical electrode current vs potential relation

Further increases in the cell voltage, results in the partial pressure of the reduced

species (in this case, NO) to become lower according to Nernst equation [95]. If the
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partial pressure of the reduced species (NO) decreases to less than a certain value

(≈ 10−33 atm), electrolyte decomposition takes place [127]. This causes a further

increase in the O2− pumping rate and therefore the cell current increases (region VI)

which can potentially damage the sensor. The sensor behavior in this region is not

studied in this work as it is not useful when measuring NOx.

This thesis is focused on amperometric gas sensors to provide a deeper under-

standing of the working principles and performance of this type of electrochemical

gas sensors. The goal is to use production sensors, which are readily available and

only modify the inputs to the sensor.
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Chapter 3

Experimental Setup

This Chapter details the experimental setup used and includes a detailed explanation

of the Diesel engine, the Spark Ignition engine, the sensor test rig setup, the Fourier-

Transform Infrared Spectroscopy (FTIR) and the amperometric NOx-O2 sensor. The

experimental data is used for sensor model and engine model validation.

3.1 Sensor and interfaces

The sensors used in the experiments were all production Bosch sensors with ECM elec-

tronics [128]. Most of the experimental studies are carried out on an ECM NOx sensor

(P/N: 06-05). The sensor parameters and operating condition were changed using the

corresponding control module (ECM-NOxCANt P/N: 02-07). The ECM-NOxCANt,

Type T Module (NOxCANt) is an integratable NOx, O2 and λ measurement system

than can be used on combustion systems, all engine types and the corresponding af-

tertreatment systems. The NOxCANt is connected to the electrochemical NOx sensor

mounted on the engine exhaust pipe or on the sensor test rig. The module facilitates

measuring the sensor output current, for O2 and NOx and controls all the main sensor

parameters such as the sensor temperature and the sensing cell voltages. The sensor

and the control module are shown in Figure 3.1. The module specifications are listed

in Table 3.1
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Figure 3.1: ECM production NOx sensor and the corresponding control module

The module and the sensor(s) are connected via Controller Area Network (CAN

bus1).

The sensor calibration information is stored in memory chips located in the sensor

connectors. This facilitates sensors recalibration to ensure accurate and verifiable

measurement of emissions concentration. A PC software (ECM Configuration tool,

shown in Figure 3.2) is used to set-up the sensor, view output variables, calibrate the

sensor and change the sensor operating parameters. It should be noted that not all the

sensor operating parameters can be changed through CAN bus and the corresponding

PC software. For some tests the module hardware was modified to change some of

the sensor operating parameters.

The sensor controller module is connected to a PC via Kvaser Light HS CAN

1CAN is a multi-node, multi-master serial communication standard for connecting different elec-
tronic devices (also called nodes) to each other. A minimum of two nodes are required for the CAN
network to work. The node can be a simple sensor or an actuator or a complex control unit such as
engine electronic control unit (ECU) [130]. All nodes are connected to each other through a two-wire
bus. The wires are typically shielded to reduce the electrical noise [131]
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Table 3.1: ECM-NOxCANt module specifications [129]

Input ECM Amperometric NOx sensor
Ranges NOx: 0 to 5000 [ppm], λ (Lambda): 0.40 to 25,

AFR: 6.0 to 364, O2: 0 to 25 [%]
Accuracies NOx: ± 5 [ppm] (0 to 200 [ppm]), ± 20 [ppm] (200 to

1000 [ppm]), ± 2.0 % (elsewhere)
Response Time Less than 1 s for NOx. Less than 150 ms for λ, AFR, O2

Fuel Type Programmable H:C, O:C, N:C ratios, and H2

CAN High Speed according to ISO 11898
Configuration Via CAN Bus with Configuration Software.

Programmable Node ID.
Module 145mm × 120mm × 40mm, Environmentally Sealed
Environmental -55 to +125oC for the module,

950oC (maximum continuous) NOx sensor
Power 11 to 28 VDC, 1.2A at 12V (steady-state),

4A at 12V for 30s (start-up)

interface (shown in Figure 3.3). The interface is connected to the PC through a USB

port.

3.2 Internal Combustion Engines

To study the sensor behavior over a wide range of exhaust emission concentrations,

the sensor is mounted in the exhaust pipe of a four cylinder medium duty Tier III

diesel engine (Cummins QSB 4.5 160) and in the exhaust pipe of a four cylinder port

injection spark ignition engine fueled with natural gas (GM Vortec 3000) as shown in

Figure 3.4. To measure the engine raw emissions, the emission sensors were installed

upstream of the engine aftertreatment systems .

3.2.1 Diesel engine setup

The Diesel engine used in the experimental studies is a 4 cylinder medium duty diesel

engine (Cummins QSB4.5 160 - Tier 3/Stage IIIA), shown in Figure 3.5. The Engine

characteristics are listed in Table 3.2.
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Figure 3.2: PC software used to connect to sensor modules

Table 3.2: Diesel engine characteristics [132]

Engine type In-Line, 4-Cylinder

Displacement 4.5 L

Bore × Stroke 102 mm × 120 mm

Peak Torque 460 lb-ft (624 Nm) @ 1500 rpm

Peak power 165 hp (123kW) @ 2000 rpm

Aspiration Turbocharged and Charge Air Cooled

Certification Level Tier 3 / Stage IIIA

3.2.1.1 Cummmins Engine Control Unit (ECU)

The Cummmins ECU (Fig. 3.6a) controls the Diesel engine by reading the stock

sensors mounted on the production Cummins engine including the intake manifold

temperature, intake manifold pressure, injection rail pressure, coolant temperature,

etc and controlling all of the engine main actuators and operating parameters, includ-
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Figure 3.3: Kvaser Light HS CAN interface

ing but not limited to the injection timing(s), turbocharge boost pressure, injection

amount. To monitor and record the engine main variables and operating parame-

ters, the ECU is connected to a computer using a J1939 connector (Fig. 3.6b) and a

hardware interface (INLINE 6 - Fig. 3.6c).

3.2.1.2 Intake manifold temperature controller

To examine the engine performance and emissions in a repeatable fashion, it is essen-

tial to maintain constant intake manifold air temperature. Since the intake manifold

air temperature is strongly effected by the engine boost, small changes in atmospheric

pressure, room temperature and other effects change the intake manifold tempera-

ture. Thus, a PID controller2 (Fig. 3.7a) in which the intake manifold temperature,

measured with a thermocouple, is used to control the water flow rate of the inter-

cooler (Fig. 3.7b). An electronically controlled proportioning valve3 (Fig. 3.7c) is the

actuator that varies the water flow rate of the intercooler.

2http://www.omega.ca/pptst_eng/CNI8_SERIES.html
3http://www.omega.ca/pptst_eng/PV14.html

http://www.omega.ca/pptst_eng/CNI8_SERIES.html
http://www.omega.ca/pptst_eng/PV14.html
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Figure 3.4: Experiment setup - Internal Combustion Engines

3.2.1.3 SOFTWARE

INSITE Pro - Cummins software is used for reading and logging the engine ECU data.

A limited number of engine parameters can also be modified and then downloaded

to the ECU using this software. A National Instruments data acquisition interface

(NI9213) is part of the Dyne Systems 1014W eddy current dynamometer. Labview

is used to log the engine data (thermocouples and the pressure drop sensor output)

from Dyno at 1 Hz.

3.2.1.4 SENSORS

Thermocouples: the exhaust gas temperature is measured at several points including

right after the engine, upstream and downstream of the catalysts. The thermocou-

ples used are OMEGA 20G K-Type connected to the PC via a NI9213 analog input

interface and are read using LabView.

Differential pressure sensor: the pressure drop over catalysts is measured by an auto-

motive differential pressure (Dp) sensor (Ford DPFE-22 - Fig. 3.8a). The Dp sensor
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Figure 3.5: Diesel engine setup

has a voltage output which is linearly dependant to the pressure drop over the two

sensor inputs. This sensor has an analog output and measures the differential pressure

between 0 - 30 kPa. The sensor taps are located 0.15 m upstream and downstream

of the DOC on the exhaust. The differential pressure sensor was calibrated and the

following relationship was found between the output voltage, V DPout [V] and the

differential pressure, ∆P [kPa] [133],

∆P = 2.7185V DPout − 6.9283 (±0.136) (3.1)

The output voltage from the pressure sensor is measured using a NI9205 analog

input module and collected by a computer using LabView with a sampling rate of 1

Hz. Since the sensor tests are all carried out at engine steady state condition, a 1 Hz

sampling rate is sufficient.
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(a) Cummins ECU (b) J1939 connector

(c) INLINE6 interface

Figure 3.6: Engine control unit

Intake air flow meter: the intake air flow rate is measured using a Hot Film Mass

flow sensor (HFM) (Fig. 3.8b). This sensor is a stock Ford sensor with part number

of AFLS-166. The sensor has frequency output that increases with the flow rate and

is measured using a frequency counter. The relation between the flow rate and the

sensor frequency output depends on the intake air pipe diameter and length. To

find this dependence, the HFM sensor is mounted on the intake pipe and calibrated

using a certified flow meter test bench as shown in Fig. 3.9. The air intake pipe is

0.61 m long and with diameter of 0.10 m and is connected upstream of the engine

turbocharger. The HFM is located 0.30 m from the entrance of the inlet tube. After

sensor calibration, the following relation is found between the volumetric air flow rate,
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(a) External temperature PID controller mod-
ule (Omega CNi8 series)

(b) Intake manifold thermocouple for intake
air temperature

(c) Electronically Controlled Proportioning
Valve

Figure 3.7: Intake manifold temperature controller

Q̇air [cfm], and the sensor output frequency, f [Hz], at 20◦C [133]:

Q̇air = 1.6169f 2.7551 (±11) (3.2)

3.2.1.5 Ammonia injection system

To study the NOx sensor cross sensitivity to ammonia, an ammonia injection system

was developed and mounted on the Diesel engine exhaust system as shown in Fig. 3.10.

To inject ammonia into the exhaust system, compressed air is injected to the bottom
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(a) Differential pressure sensor (b) Hot film mass flow sensor (HFM)

Figure 3.8: Flow sensors

of the aqueous ammonia tank. After bubbling the aqueous ammonia solution, the

resulting NH3 gas comes out of the top of the tank and is injected into the exhaust

gas. More details about the design of the ammonia injection system is available in

[133].

3.2.2 SI engine setup

To examine the sensor performance in a wider range of engine exhaust emissions, the

same sensor is mounted on the exhaust pipe of a four cylinder port injection spark

ignition engine (GM Vortec 3000, shown in Figure 3.11). The engine is fueled with

natural gas. The engine specifications are listed in Table 3.3.

Table 3.3: SI engine characteristics [134]

Engine type In-Line, 4-Cylinder

Displacement 2966.6 cc

Bore × Stroke 101.60 × 91.44 mm

Fuel type Gasoline, Propane or Natural Gas

Peak Torque 163 lb-ft @ 1600 rpm (Gasoline), 147 lb-ft @ 1600 rpm (Propane),
139 lb-ft @ 1600 rpm (Natural Gas)

Peak power 83 hp @ 3000 rpm (Gasoline), 75 hp @ 3000 rpm (Propane),
71 hp @ 3000 rpm (Natural Gas)
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Figure 3.9: Flow meter test bench - Hot film mass flow sensor (HFM)

3.3 Gas mixture test rig

To experimentally study the exhaust gas sensor behavior in the presence of different

gas species at controlled concentrations, a sensor test rig was built based on a design

from ECM [128]. The test rig consists of six externally-controlled 2-way valves, three

externally-controlled 3-way valves, four humidifying tanks and six CCR MKS-GE50A

mass flow controllers, connected to gas cylinders filled to known concentrations. All

of the control valves are externally commanded by a PC using digital outputs from

an Arduino interface as schematically shown in Figure 3.12. Several gas mixtures at

different species concentrations are used to test the sensor.

3.3.1 Sensor test rig components

PFA Tubing: 1/4” FABCO PLASTICS PFA tubing was used to connect the gas

cylinders to the valves and to connect the sensor test rig components to each other.
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Figure 3.10: Ammonia injection system

Two-way Valves: Six externally controlled solenoid two-way valves (SWAGELOK

SS-42S4-41DC) are used in the setup to connect the gas tanks to the mass flow

controllers.

Three-way Valves: four externally controlled solenoid three-way valves (SWAGELOK

SS-42GXS4-41DCX) are used to control the gasses before they are mixed. OMEGA

solid state relays are used to actuate the three-way valves and the two-way valves

with an ARDUINO interface.

Mass flow controllers: one 10 slm mass flow controller (MKS GE50A0xxx04SBV020)

is used to control the flow of nitrogen through the sensor test rig and five 2000 sccm

mass flow controllers (MKS GE50A0xxx03SBV020) are used to control the flow of

other gas species through the sensor test rig. The mass flow controllers are connected

to a PC through LAN connection through a LAN HUB. The mass flow controllers
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Figure 3.11: Spark ignition engine setup including closeup of NOx sensor on exhaust.

are fully controlled through a MATLAB GUI program developed for this purpose.

Bubbler tanks: four commercial automotive tanks (Canton Racing Products -

80-211) are modified and then used to humidify the gases if necessary to simulate

the combustion products inside the engine exhaust gas. The desired gases are first

injected into the water from the bottom of the bubbling tank and the resulting

humidified gases are injected to the line from the top of the tanks.

Tank heaters: four Screw Plug Immersion Heaters (OMEGA RI-250/120V)

are used to heat the water inside the tanks to keep the vaporization rate constant.

Line heaters: four silicone rubber tape heaters are used to heat the tubes

downstream of the tanks to avoid water vapor condensation in the lines. It is critical

to keep the line temperature high enough and avoid water vapor condensation not
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Figure 3.12: Sensor test rig schematic

only for measurement purposes, but for sensor protection. High temperature ceramic

sensors are very sensitive to water drops and if the drops are not removed properly

from the lines, they may damage the sensor(s) [135].

Thermocouples: to measure the temperature of the heated tanks and the heated

lines, eight thermocouples are used and connected to the heater controllers. The

thermocouples used are OMEGA 20G K-Type.
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Figure 3.13: Sensor test rig setup in fume hood

Heater controllers: eight heater controllers (OMEGA CN132) used to control

the heaters. The controllers measure the tank and line temperatures via the

thermocouples and control the tank and line heaters through a PID controller and

using analogue outputs. The control output is to OMEGA solid state relays to

actuate the heaters.

Rotameter: five 2000 sccm Rotameters (OMEGA FL-3804G) and one 10000

sccm Rotameter (OMEGA FL-3839ST) are used to visually monitor the flow rate of

different gasses through the sensor test rig.

Sensor chambers: to study the sensor behavior at different gas concentrations,

the sensor needs to be exposed to the gas mixture inside the sensor chamber. Two
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(a) Three-sensor chamber
(b) One-sensor chamber

sensor chambers with different sizes are designed and manufactured to hold one

sensor and three sensors. The small volume, one-sensor chamber, and the larger

volume, three-sensor chamber are shown in Figure 3.14a and Figure 3.14b respec-

tively. The small and large sensor chamber volume are approximately 9 and 15 cm3

respectively. To maximize the dynamics of the sensor test rig in transient conditions,

the chambers are designed to minimize the chamber volume. A thermocouple hole is

also mounted inside the sensor chamber to monitor the temperature of the gas inside

the chamber.

Pressure transducer: to visually monitor the pressure inside the sensor chamber,

a pressure gauge (OMEGA PX302-100GV) is installed downstream of the sensor

chamber, the sensor chamber pressure is manually controlled by a needle valve located

downstream of the chamber.

Arduino interface: A MATLAB GUI program (shown in Figure 3.15) was devel-

oped to control and monitor the sensor test rig through an Arduino interface. This

interface allows control of all the valves and actuators and connects to a LAN hub

to control the mass flow controllers. The Arduino interface can not create high out-

put power to operate all the actuators. So solid state relays are used for the power

electronics to actuate all the power consuming components of the test rig as shown
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in Figure 3.16 which are Mass Flow Controllers (MFC)s, two-way valves 1 to 6 and

three-way tank valves A to D.

Figure 3.15: MATLAB GUI programed developed to control the sensor test rig
through the Arduino interface

Other parts and fittings: the sensor test rig consists of some other parts

and fittings including: Check Valves (SWAGELOK SS-CHS4-1/3), Stainless

Tee-Type (SWAGELOK SS-4TF-2), Union Tee (SWAGELOK SS-400-3), Male

Elbows(SWAGELOK SS-400-2-4), Bulkhead Union (SWAGELOK SS-400-61) and

Male Connector (SWAGELOK SS-400-1-4).

Fumehood: since most of the gasses studied in this work are either flammable

(such as propane) or toxic (such as NO), the sensor test rig must operate inside a

fume hood. A BEDCO VBV72 fume hood is employed to vent the sensor test rig

output gases out of the lab as shown in Figure 3.13.

Gas tanks: Praxair gas cylinders with known concentrations are used to feed
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Figure 3.16: Solid state relays for test rig actuators. Pin layout is available in Ap-
pendix C.

the sensor test rig to prepare desired species concentrations for the sensor chamber.

The cylinders include pure nitrogen (99.99 %), pure oxygen (99.99 %), pure CO2

(99.99 %), 5000 [ppm] propane balanced with nitrogen, 2000 [ppm] ammonia

balanced with nitrogen, 2000 [ppm] NO balanced with nitrogen, and 4000 [ppm] NO

balanced with nitrogen.

3.4 Fourier-Transform Infrared Spectroscopy (FTIR)

A FTIR analyser (MultiGas 2030 ) was used to validate the NOx sensor measurement

and to measure the concentration of other species in the exhaust gas. The FTIR

analyser was connected to the diesel engine exhaust pipe, upstream of the catalysts

to measure the engine raw emissions. The sample exhaust gas passes through two
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Heated Filters (Flexotherm Flex MFF-7.0-S-K-A-6-L5-C-X-S-L5-M ) connected with

Heated Sample Lines (Flexotherm P/N GT-E-6/4-AT-KL-191C-B-6S-60-48 ) heated

to 191oC to minimize water vapor condensation in the sample gas. More information

about the experimental setup of the FTIR system and the heated filters is detailed

in [136].
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Chapter 4

Sensor model: Part I, Diffusion mechanism

through the barriers of an amperometric

NOx sensor 1

This chapter investigates the dominant diffusion mechanism of exhaust gas species

through the diffusion barrier amperometric NOx sensor by studying the effect of sensor

temperature on the sensor output. A sensor model is then developed based on this dom-

inant diffusion mechanism to predict the sensor response at different NOx and O2 con-

centrations.

4.1 Introduction

Production Nitrogen oxides (NOx) sensors used in automotive industry are typically

manufactured using a planar zirconia multilayer technology [93, 96, 137–139]. The

latest versions of these sensors have fast light-off and response times, small size with

steady high temperatures all for a low price [140]. These features make Zirconia-based

amperometric NOx sensors ideal for production Internal Combustion (IC) engines.

This sensor type measures the O2 and NOx concentration simultaneously.

1This chapter is based on: M. Aliramezani, C.R. Koch, R.E. Hayes, and R. Patrick. Amperometric
solid electrolyte NOx sensors - the effect of temperature and diffusion mechanisms. Solid State Ionics,
313(Supplement C):7 13, 2017 [50]
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Large improvements in solid electrolyte NOx sensors development occurred in the

1990’s [111, 141, 142] and was based on the idea of oxygen measurement with zirconia-

based potentiometric oxygen (O2) sensors [143–145]. Thus, the working principle and

modeling methods of solid electrolyte NOx and oxygen sensors are similar. Oxygen

sensor and NOx sensor models may cover one or all of the following: modeling gas

diffusion through the barriers inside the sensor [109, 110, 124]; modeling the reactions

that take place inside the sensor chambers [109, 146, 147]; and modeling the heat

transfer inside the sensor and from the sensor to the surrounding environment [148,

149].

Typically a limiting-current amperometric sensors are designed with an electrode

material and operated in a temperature and voltage range so that the sensor reaction

dynamics are much faster than the diffusive flow of species through the sensor internal

barriers [110]. Then, the sensor output is a function of the diffusion of species through

the barriers into the sensor chambers. To develop reliable sensor models, a better

understanding of the diffusion process is essential. The diffusion mechanism through

the diffusion barriers of the NOx sensor is not fully understood and still requires

further study. The sensor temperature has an important effect on the diffusive flow

inside the sensor since it affects the diffusion coefficient of gas species through the

sensor diffusion barriers [110]. Therefore, a reliable and accurate estimation of the

actual sensor temperature is needed to study the diffusion process.

In this chapter, different diffusion mechanisms will be evaluated and compared

to experimental data. A heat transfer model is developed and used to estimate the

sensor temperature. The dominant diffusion mechanism affecting the flow inside the

diffusion barriers is then determined by studying the effect of temperature on diffusive

flow and on the sensor outputs. Multi component molecular diffusion mechanism is

shown to be capable of tracking the effect of temperature on the diffusion rate of

species. This diffusion model is then used to develop the sensor model to predict
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the sensor outputs for O2 and NOx. The results are validated with experiments at

different species concentrations.

4.2 Sensor structure and sensing principle

The diffusion process inside a porous medium is generally described by two main

diffusion mechanisms: normal diffusion or Knudsen diffusion [150]. When the pore

diameter (dp ) is smaller than the mean free path of the species, Knudsen diffusion

becomes the dominant diffusion mechanism [150]. However, it is shown in [123] that

in some conditions such as transition regions in a porous solid, both normal and

Knudsen diffusion need to be considered. Regitz and Collings [110] and Collings et

al. [124] studied the effect of pressure and temperature on the diffusion mechanism of

a wide band lambda sensor considering both normal and Knudsen diffusion as parallel

mechanisms. They validated the lambda sensor output current at different air-fuel

values (λ values). Collings et al. [124] suggested a multi point calibration of pore

diameter dp to reduce the effect of dp variation between sensors. Multi component

molecular diffusion mechanism is used to model diffusion through diffusion barriers

of oxygen sensors in [151]. Knudsen diffusion is assumed to be the dominant diffusion

mechanism inside the sensor in [152]. However, it is not clear if this assumption is

true for all other types of amperometric sensors and it is not clear if this assumption is

valid as the sensor temperature changes. Examining the diffusion mechanism through

the diffusion barrier of an automotive NOx sensor is the focus of this work.

The sensor operates based on measuring the diffusive flow into the internal sensor

chambers [140, 153]. A production ECM NOx sensor (P/N: 06-05) has been X-ray

imaged with spatial resolution of 5176 × 1450 × 1051 pixels (0.007, 0.007 and 0.005

mm/pixel)2. The exact dimensions of the internal parts of the NOx sensor are used

2 We would like to express our gratitude to Dr. André Phillion for taking the X-ray tomography
images.
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to parameterize the sensor model.

Figure 4.1: Longitudinal cross sectional schematic view of the NOx sensor

The first chamber, second chamber and reference chamber are the three main

chambers in an amperometric NOx sensor and are schematically shown in Figure 4.1.

A zirconia based oxygen pump, pumps O2 out from the first chamber. The pumping

current is proportional to oxygen concentration in the surrounding gas. At the same

time, all NO2 molecules are reduced and converted into NO in the first chamber. The

species then diffuse into the second chamber through the second diffusion barrier.

In the second chamber, NO is reduced and oxygen ions are pumped out using a

Nernst cell into the reference chamber. The pumping current of the second chamber

is proportional to NO and thus NOx concentration.

The sensor consists of three Nernst cells. The O2 sensing cell, the NOx sensing cell

and the reference cell. A closed loop controller keeps the potential of the reference

cell constant by pumping out O2 from the O2 sensing chamber. The pumping current

is proportional to the diffusion rate of oxygen since each oxygen molecule transfers 4

electrons into the cavity. Thus:
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Ip1 = 4F ×NO2,fc (4.1)

where, NO2,fc[
mol
s

] is the molar flow of oxygen through the first diffusion barrier and

Ip1 is the pumping current of O2 from the O2 sensing cell as shown in Figure 4.1.

4.3 Diffusion model description

To predict the sensor output signals, the diffusive flow through the porous diffusion

barriers must be modeled. To define the dominant diffusion mechanism, the diffu-

sion coefficients are first calculated using a normal multi-component mechanism. A

mixture-averaged method is then used to calculate the diffusion coefficient of each

species from the multi-component mechanism. The diffusion coefficients are also de-

fined using Knudsen diffusion mechanism. The diffusion model is also developed

considering both diffusion mechanisms at the same time as in [110] and [124]. All of

the physical dimensions used to parameterize the model are measured using X-ray

tomography of the sensor.

4.3.1 Molecular diffusion mechanism

A mixture-averaged diffusion model is used to define the species mass flux through

the diffusion barriers. This model, which can be used for multi component diffusion

simulations, is not very computationally expensive and is accurate for diffusion dom-

inated flow modeling [154, 155]. The sensor temperature is varied using the sensor

heater and sensor control module. The absolute pressure of the sensor barriers and

cavities is assumed to be a function of engine speed and engine output torque3.

Mixture-Averaged diffusion model

3A differential pressure sensor measures the pressure difference through the Diesel Oxidation
Catalyst (DOC). The absolute pressure around the sensor is calculated by adding this differential
pressure to the barometric pressure.
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The relative mass flux vector using mixture-averaged diffusion model is calculated

using [150]:

ji = −
(
ρD

(m)
i ∇ωi + ρωiD

(m)∇M
M

)
(4.2)

Where, ji is mass flux vector of species i and ρ, M and ωi are mean density, mean

molar mass and mass fraction of species i respectively . Index (m) is for mixture

average. The mixture-averaged diffusion coefficient (D
(m)
i ) is:

D
(m)
i =

1− ωi∑N
q 6=i

xq
Diq

(4.3)

Diq =
10−3T 1.75( 1

Mi
+ 1

Mq
)1/2

P [(Σν)
1/3
i + (Σν)

1/3
q ]2

(4.4)

in which, Diq is defined from the Fuller correlation [150]. In Eqns (4.3) and (4.4),

xq is mole fraction of species q and N is the number of species. To model the NOx sen-

sor, the boundary conditions and some assumptions are needed which are discussed

next. In Eqn (4.4), P is absolute pressure in atm, T is in K and (Σν)i is the diffu-

sion volume of species i, defined in [150]. The Millington and Quirk model [156] is

used to calculate the effective diffusion coefficient of the porous solid from the normal

diffusion coefficient:

Di,por = ε4/3Di (4.5)

where ε is porosity and defined as: ε = Vv
Vtotal

, Vv and Vtotal are the void volume and

the total volume of the porous media respectively.
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4.3.2 Knudsen diffusion mechanism

The other diffusion mechanism that is examined in this work is Knudsen diffusion.

Generally, Knudsen diffusion becomes the dominant diffusion mechanism when the

pore diameter (dp ) is smaller than the mean free path of the species [150]. In some

conditions such as transition regions in a porous solid, the Knudsen mechanism also

needs to be considered [123]. This mechanism considers species collisions with the

pore walls. The Knudsen diffusion coefficient (Dk
i ) is calculated based on kinetic gas

theory [150] as:

Dk
i =

Lm
3

√
8R̄T

πMi

(4.6)

where, Lm is the mean path length which is typically close to the pore diameter for

gas transport in porous media since a certain species is more likely to collide with pore

wall than another molecule [150]. The term Mi is the specie molar mass. Replacing

Lm with the pore diameter (2 × rp) in Eqn. (4.6) and substituting for the constants

results in [157]:

Dk
i = 97rp

√
T

Mi

(4.7)

where, Dk
i , rp, T and M are in m2/s, m, K and kg/kmol respectively.

4.3.3 Normal and Knudsen diffusion mechanism

To combine the effect of both diffusion mechanisms, an effective diffusion factor is

calculated. The Knudsen diffusion coefficient corrects the mixture-averaged diffusion

coefficient (Dm
i ) as [150]:

Dmk
i = (

1

Dm
i

+
1

Dk
i

)−1 (4.8)
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which substituted into Eqn (4.2) results in:

ji = −(ρDmk
i ∇ωi + ρωiD

mk∇M
M

) (4.9)

4.3.4 First diffusion barrier and first chamber

Now, the diffusion from the sample gas - here engine exhaust, through into the first

and the second chamber will be examined. The diffusion barriers are shown in the

sensor schematic (Figure 4.1) and for additional clearity are also shown in a sim-

plified model schematic in Figure 4.2. The fuel is taken to be an idealized typical

Diesel fuel with chemical formula of C12H23 and complete combustion is assumed.

These assumptions are used to calculate the stoichiometric air-fuel ratio (λ) from O2

concentration in the exhaust gas.

The exhaust gas is assumed to be a mixture of only O2, N2, CO2, H2O and NOx

which diffuses through the first diffusion barrier. The diffusion model consists of multi

component gas diffusion through the diffusion barriers. It also assumes that oxygen

is pumped out of the first chamber at a much faster rate than the diffusion rate of

oxygen into the chamber. This means that the oxygen concentration can be assumed

to be zero at the end of first diffusion barrier (first chamber). It is important to note

that all the chamber models are assumed to not vary in spatial dimensions - a lumped

parameter model. One of the most important reactions that take place inside the first

chamber is conversion of all NO2 molecules to NO [158].

4.3.5 Second diffusion barrier and the second chamber

Gas then diffuses from the first to the second chamber. The gas entering the second

diffusion barrier is assumed to be NO, N2, CO2 and H2O. The O2 has been removed by

the first chamber and all NOx converted to NO. The same multi component diffusion

model is used to simulate diffusion through the second diffusion barrier. The sensing
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principle of the second chamber is similar to the first chamber. However, in the

second chamber, compared to the first chamber, NO affects the sensor output. In

the second chamber NO is reduced causing a concentration gradient so NO diffuses

from the first chamber. The NO reduction in the second chamber converts NO to

nitrogen and oxygen and again this reaction is assumed to be much faster than the

diffusion rate. In other words, NO concentration is assumed to be zero at the end of

the second diffusion barrier. Each NO molecule transfers one atom of oxygen (two

electrons). Therefore, Eqn (4.1) which is used for the first chamber is now:

Ip2 = 2F ×NNO,sc (4.10)

where, NNO,sc[
mol
s

] is the diffusive molar flow of NO through the second diffusion

barrier into the second chamber.

A schematic of the whole diffusion model is shown in Figure 4.2.

Figure 4.2: NOx sensor diffusion model schematic for the two chambers

4.4 Heat transfer model

The sensor response is highly dependant on temperature since the diffusion through

the diffusion barriers, Eqn. (4.4) and (4.7), and the chamber reactions [108] are
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strongly dependant on temperature. The sensor temperature was controlled by a

heater embedded inside the sensor. It is assumed that the temperature of the sensor

chambers and the heater temperature are the same. The impedance, Rpvs, of Vs cell

(shown in Figure 4.1) varies with temperature and was used to measure the sensor

temperature. Rpvs was experimentally measured by the sensor control module at all

operating conditions. To define the sensor temperature at different Rpvs values, a

heat transfer model is needed. This model should include the heat transfer from the

sensor heater located inside the sensor ceramic to the sensor hoursing and from there

to the exhaust pipes (see Figure 4.3). A schematic of the heat transfer model is shown

in Figure 4.4 considering convection and radiation heat transfer:

Figure 4.3: Heat transfer model elements

Figure 4.4: NOx sensor heat transfer schematic
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Heat is first transferred from the sensor heating element to the sensor housing

and then from the sensor housing to the exhaust pipe both via convection and radi-

ation. The engine off condition was used to define sensor temperature at different

Rpvs values since the exhaust gas and exhaust pipe temperature are known to be

approximately room temperature. Then, the results were used for the other en-

gine operating conditions. At engine off there is no forced convection heat transfer

around the sensor as there is no exhaust gas flow. In addition, the sensor temper-

ature (around 1000 K) is much higher than the environment temperature. So, at

engine off, the convection heat transfer was assumed to be negligible compared to

the radiated heat transfer. The heat transfer from the sensor element to the sensor

housing is: QH = σ(εeT
4
e − εhT 4

h ) and heat transfer from the sensor housing to the

exhaust pipe is: QH = σ(εhT
4
h − εpT 4

p ). Where, εe, εh and εp are emissivity coefficients

of the sensor element, the sensor housing and the exhaust pipe respectively, σ is the

Stefan-Boltzmann Constant, Te, Th and Tp are element temperature, sensor housing

temperature and exhaust pipe temperature respectively. Combining the two heat

transfer equations and solving for Th results in:

Th =
4

√
T 4
e εe + T 4

p εp

2εh
(4.11)

and now assuming that T 4
p << T 4

e , from Eqn (4.11), results in:

QH ∝ T 4
e (4.12)

where QH is the heater power.
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4.5 Experimental testing

4.5.1 Heat transfer model validation

The engine was a 4 cylinder medium duty diesel engine (Cummins QSB4.5 160 -

described in section 3.2.1). The sensor temperature was controlled by the NOx sensor

control module. This module controls the element temperature by controlling heater

power. The impedance, Rpvs, of Vs cell (shown in Figure 4.1) varies with temperature

and was used as the feedback of sensor temperature closed loop control. Therefore,

to control the element temperature, the controller measured Rpvs and maintained it

constant by changing heater power.

The relation between sensor temperature and Rpvs were defined at engine off

condition for which the assumptions leading to Eqn (4.12) are as close as possible.

The tests were performed at different Rpvs set points and different heater power

values. To define the sensor temperature based on the heater power, the sensor

temperature was first changed by changing the Rpvs set point. A closed loop controller

inside the sensor control module changed the heater power to track the Rpvs set

points. After measuring the sensor heater power at each Rpvs set point and at the

engine off operating condition, the factory default temperature value of Ts=1023

K at Rpvs = 252 Ohms and Eqn (4.12) were used. For the other engine operating

conditions, the calibratedRpvs vs Ts table was used to estimate the sensor temperature

without using the heat transfer model. A flow chart of the modeling process is

shown in Figure 4.5. The complete experimental heat transfer results are listed in

Appendix B, Table B.1 to B.4.

The tests were carried out at three engine operating conditions and the engine

off condition. To evaluate the accuracy of the heat transfer model and the estimated

temperatures, the linearity of heater resistance vs temperature was evaluated. The

heater power and heater voltage were measured at different sensor temperatures and
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the heater resistance was calculated by Ohm’s law (RH = PH/V
2
H). As expected for

a metallic material, the relation between the heater resistance and temperature is

almost linear, with a correlation coefficient R2 of 0.9837. This confirms that the heat

transfer model is valid and accurate when the engine has no forced convection from

the exhaust flow.

The relation between heater power and sensor temperature at different operating

conditions is shown in Figure 4.6 with average exhaust temperature noted in the

figure. The required value of heater power for a certain temperature at engine off

condition and at 2500 rpm and 30 lb-ft are almost the same. At 2500 rpm and 30

lb-ft, although the engine is running, the cooling effect of the forced convection to the

exhaust gas is offset to a higher exhaust gas temperature compared to the engine off

condition. Only slightly more heater power than at engine off operating condition

is needed at high sensor temperatures. However, as the engine load increases, lower

heater power is required to maintain the sensor at a certain temperature since the

exhaust gas temperature increases with engine load offsetting the convective loss.

4.5.2 Diffusion model validation

To define the dominant diffusion mechanism inside the sensor, diffusion coefficients

were defined from multi component molecular diffusion mechanism, Knudsen diffusion

and both diffusion mechanisms at the same time. The results are shown in Figure 4.7

for engine off operating conditions. Multi component molecular diffusion mechanism

closely matches the experiments, and so is the dominant diffusion mechanism that

effects the diffusive flow inside the diffusion barrier of the sensor. The deviation be-

tween the diffusion models is due to different dependencies on temperature. Knudsen

diffusion coefficients are proportional to the square root of temperature, Eqn (4.7),

while the diffusion coefficients of normal diffusion are proportional to T 1.75, Eqn (4.4).

In addition, the density of all species decreases as temperature increases according to
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ideal gas law and this affects the mass flux of species, see Eqn (4.2). For the Knud-

sen diffusion coefficient, the decreasing effect of temperature on density overcomes

its increasing effect on the molar flux of O2 into the first chamber and consequently

reduces Ip1. This behavior is not compatible with the experiments. However, multi

component molecular diffusion mechanism matches the experiments and is capable

of tracking the effect of temperature on diffusive flux of O2 into the first chamber,

indicating Knudsen diffusion is not important for these sensors.

To look at a combination of normal and Knudsen diffusion, the production sen-

sor temperature of 1023 K and engine off conditions were chosen to calibrate the

model. Porosity was calibrated for normal diffusion model and the value of mean

path length was calibrated at this operating condition for Knudsen diffusion. Con-

sidering both normal and Knudsen diffusion, the combined model has a diffusive flux

between normal and Knudsen diffusive fluxes. This combined model does not match

experiments as the temperature is varied as shown in Figure 4.7. Although all diffu-

sion mechanisms were calibrated to the same diffusion coefficient at 1023 K, a 63 K

increase in sensor temperature at engine off operating condition resulted in an error

of Knudsen diffusion of 6.1 % and the combined mechanism of 3.3 %. For Knudsen

mechanism, this error was 7.5%, 5.2% and 7.6 % for three loads of 2500rpm - 30lb.ft,

2000rpm - 100lb.ft and 1500 rpm - 200 lb.ft respectively. The error increases as the

sensor temperature differs from the calibration temperature (1023 K). Normal diffu-

sion which most closely matches with the experiment, is the only diffusion mechanism

that is considered in the remainder of this thesis.

4.5.3 Sensor model validation

Now, using normal diffusion as the dominant diffusion mechanism, the model was

evaluated at different engine operating conditions with different concentrations of

species in the exhaust gas as shown in Figure 4.8. The normal diffusion model accu-
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rately predicts pumping current for a range of temperaturs and for all the operating

conditions tested.

The actual NOx concentration was obtained from the calibrated lookup table

provided with the sensor. This calibration table is obtained from calibrating the

sensor using known gases and a calibration rig. The calibrated lookup table for

NOx concentration is only valid at standard factory sensor temperature (1023 K)

which was also used in the model having normal diffusion. The NOx sensor model

validation based on Eqn (4.10) is shown in Figure 4.9. The maximum error of Ip2

model was 4.85% at NOx = 650 [ppm] indicating that the simple model developed

does an acceptable job in predicting NOx.

4.6 Conclusions

Normal diffusion was found to be the dominant diffusion mechanism of a production

amperometric NOx sensor. The sensor temperature was changed using a sensor con-

trol module to evaluate the effect of temperature on the sensor outputs which was

proportional to the diffusive flux of species through the barriers. The sensor dimen-

sions were obtained from x-ray images of the internal parts (chambers and barriers)

and were used in the model.

Knudsen diffusion, multi component molecular diffusion mechanism and mixture

averaged method (Normal and Knudsen diffusion) were evaluated by varying the

sensor temperatures and comparing the model output to the experiments. A sensor

model is developed based on the molecular diffusion mechanism to calculate the sensor

outputs for O2 and NOx concentrations corresponding to engine off and three engine

operating conditions. The sensor model output closely matches the experiments at

different engine operating conditions and different concentration of species in the

exhaust gas with maximum error of 0.79% for oxygen measurement output (IP1) and
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maximum error of 4.85% for NOx measurement output (IP2). The developed sensor

model can be used to reduce the effect of manufacturing deviations on the sensor

output signals and the measurement error without re-calibrating the sensor. The

diffusion model is an essential element the sensor model and will be used in subsequent

chapters of this thesis to develop more complex sensor models incorporating electrode

reactions and electrochemical models.
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Chapter 5

Sensor model: Part II, comprehensive sensor

model that includes electrochemical and

diffusion submodels 1

This chapter provides details of a comprehensive sensor model developed in this re-

search that includes electrochemical and diffusion submodels.

5.1 Introduction

Although an amperometric sensor is typically operated at a temperature and cell volt-

age range so that the diffusion of species into the measurement cell is the dominant

process that affects the sensor output [54], a more comprehensive understanding of

the electrochemical cell is beneficial for optimizing the sensor performance, durability

and sensitivity [159, 160]. The effect of electrochemical properties of electrodes on

the sensing behavior of solid state electrochemical gas sensors has been studied in

detail [111–114]. The sensitivity of amperometric sensors to gas species and the relia-

bility of these sensors are directly affected by electrochemical properties [115]. These

properties include electrode material [116–118], electrode potential [119], electrolyte

1This chapter is based on: M. Aliramezani, C.R. Koch, M. Secanell, and R. Patrick. An electro-
chemical model of an amperometric NOx sensor. Sensors and Actuators B, 290, pp. 302-311, 2019
[51].
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properties [120–122] and properties of diffusion barrier [50, 54, 123, 124].

These previous studies are mostly experimental and do not include quantitative

physics-based models of the main relevant processes that simultaneously take place

inside the sensor and affect the sensor output. An understanding of solid-state am-

perometric sensors that includes both the electrochemical properties and species dif-

fusion is essential to provide further insight into the performance of these sensors

and is the subject of this chapter. To do this, a physics-based model of an ampero-

metric NOx sensor is developed that includes diffusion of multiple sample gas species

into the sensor chambers through the sensor diffusion barriers. The model also in-

cludes an electrochemical submodel that calculates the sensor pumping current as a

function of sensing cell voltage. To experimentally validate the model at different

NOx concentrations and NOx sensing cell voltages, the sensor is first mounted in the

exhaust system of a medium duty Diesel engine, then in a port injection spark ignition

(SI) engine exhaust system and finally in a controlled gas mixture test bench. The

diffusion model is used to calculate the mole fraction of O2 and NOx in the sensor

chambers. The mole fractions are then used in the NOx sensing cell electrochemical

model to define the sensor pumping current from the cell voltage. The diffusion and

the electrochemical model are coupled and solved simultaneously. The ohmic loss,

the activation loss and the concentration loss have been included in the model. The

NOx sensor output is then calculated as a function of the sensing cell potential and

NOx concentration.

5.2 Amperometric NOx sensor

The working principle of an amperometric NOx sensor has been detailed in chapter 4.

The same production amperometric NOx sensor (ECM, P/N: 06-05 [128]) is studied

in this chapter. The sensor consists of two sensing chambers as shown schematically
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in Figure 5.1. The first chamber is the O2 sensing chamber while the second chamber

is the NOx sensing chamber. The first chamber has a Platinum (Pt)-based electrode

(typically, Platinum-Gold (Pt-Au) alloy) while the second chamber has a Pt electrode

[108]. In the first chamber, O2 is reduced and the resulting O2− ions are pumped out

with a pumping current proportional to oxygen concentration in the sampling gas.

The Pt-Au electrode has a higher activation energy for NO reduction than the Pt

electrode and this enables selective O2 and NO2 reduction inside the first chamber at

the typical sensor operating condition [108]. Therefore, NO2 is reduced to NO inside

the first chamber. The remaining species diffuse into the second chamber through the

second diffusion barrier. In the second chamber, NO is completely reduced and the

resulting O2− ions are pumped out through an electrochemical cell into the reference

chamber as shown in Figure 5.2. Therefore, the pumping current of the second

chamber cell is proportional to the total NOx (NO2 and NO) concentration.

Figure 5.1: NOx sensor working principle and diffusion model structure

The working principle of the NOx sensing cell is schematically shown in Figure 5.2.

5.2.1 Sensor dimensions using X-ray tomography

The exact dimensions of the internal components of the NOx sensor are measured to

parameterize the sensor model, using X-ray tomography. The sensor top view using

the x-ray tomography image is shown in Figure 5.3 detailing the sensor components.
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Figure 5.2: Boundary conditions of the NOx sensing cell (second chamber)

5.3 Sensor model

Typical current-voltage response of an amperometric sensor as the cell voltage (VP )

is varied is shown in Figure 5.4 [50, 125, 126]. The response is divided into six regions

that depend on the sensing cell voltage. In region I, the cell voltage is lower than

the open-circuit potential and not high enough to cause reduction of species on the

cathode. Therefore, the reverse reaction (oxidation) takes place causing a negative

cell current. When the cell voltage is just above the open-circuit potential, activation

polarization becomes the rate-determining step. This phase is labeled as region II. In

region III, the cell current varies almost linearly with voltage, based on Ohm’s law.

In this region, the Ohmic loss dominates the cell voltage-current relation. As the cell

voltage increases further, the current-voltage relation becomes non-linear in region IV

and then the cell current finally reaches a saturation level determined by the diffusion

rate of oxygen into the chamber (region V). In region V the pumping rate of (O2−)

ions from the cell has reached its maximum level since all available reducible molecules

are being reduced on the cathode as soon as they reach the electrode surface. The
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Figure 5.3: X-ray tomography of the NOx sensor ceramic (top view)

transition phase from ohmic behavior to the limiting current region is marked as

region IV.

Figure 5.4: Typical electrode current vs potential relation

Further increases in the cell voltage, results in the partial pressure of the reduced

species (in this case, NO) becoming lower according to the Nernst equation [95]. If

the partial pressure of the reduced species (NO) decreases to less than a certain value

(≈ 10−33 atm), electrolyte decomposition takes place [127]. This causes a further

increase in the O2− pumping rate and therefore the cell current increases (region VI)



60

which can potentially damage the sensor. The sensor behavior in this region is not

studied in this work as it is not useful when measuring NOx.

5.3.1 NOx sensing cell electrochemical model

The components of an overall NOx sensor model will be described.

5.3.1.1 NOx sensing cell electrochemical model

A simple model of the reactions that take place in the NOx sensing cell is:

Cathode : NO + 2e− → 1

2
N2 +O2− (5.1a)

Anode : O2− → 1

2
O2 + 2e− (5.1b)

Overall : NO → 1

2
O2 +

1

2
N2 (5.1c)

The Nernst voltage is then [95]:

EN = Eo
sc +

∆Sox−red,sc
2F

(T − To)−
R̄T

2F
ln

(
p0.5
O2,rc

p0.5
N2,rc

pNO,sc

)
(5.2)

where, pNO,sc, pO2,rc and pN2,rc are the partial pressure of NO in the second chamber,

and the partial pressures of oxygen and nitrogen in the reference chamber, respec-

tively. R̄ is the universal gas constant, F is the Faraday constant, T is the sensor

temperature (all temperatures are in Kelvin), To is the reference temperature, Eo
sc is

the open-circuit potential at the standard condition (1 atm; 298.15 K) and ∆Sox−red

is the change in entropy of products − reactants at the operating temperature (the

index sc stands for the second chamber, while rc stands for the reference chamber).

In this case, it is approximated as [95]:
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∆Sox−red ≈ ∆Soox−red =
∑
Prod

νi∆S
o
i −

∑
Reac

νj∆S
o
j (5.3)

where, νi and νj are the stoichiometric coefficient of species i and j respectively.

When kinetic, ohmic and transport losses are included, the second chamber cell

voltage (VP2) becomes [95, 161]:

VP2 = Eo
sc +

∆Sox−red,sc
2F

(T − To)−
R̄T

2F
ln(

p0.5
O2,rc

p0.5
N2,rc

pNO,sc
)︸ ︷︷ ︸

EN

−ηΩ − ηac (5.4)

where, ηΩ and ηac, are Ohmic and kinetic-transport polarization losses respectively

[95, 161]. According to Dalton’s law of partial pressures [162], the total mixture pres-

sure is equal to the sum of partial pressures of all species in the mixture. Therefore,

dividing by the total pressure of the mixture, Eqn. (5.4) becomes:

VP2 = Eo
sc +

∆Sox−red,sc
2F

(T − To)−
R̄T

2F
ln(

x0.5
O2,rc

x0.5
N2,rc

xNO,sc
)︸ ︷︷ ︸

EN

−ηΩ − ηac (5.5)

where, xO2,rc, xN2,rc and xNO,sc are the mole fraction of O2 in the reference cham-

ber, the mole fraction of N2 in the reference chamber, and the mole fraction of NO

in the second chamber respectively.

5.3.1.2 Ohmic losses (ηΩ)

The ohmic loss is calculated as follows:

ηΩ = Rcell iP2 Ae2 (5.6)

where Rcell is the cell ohmic resistance, iP2 is the NOx sensing cell current density

and Ae2 is the cross sectional area of the NOx sensing electrode. The ohmic resistance
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of Yttria Stabilized Zirconia (YSZ) electrolyte significantly decreases with tempera-

ture regardless of its thickness [163]. The ohmic loss, ηΩ, is neglected in this model

due to the high sensor operating temperature (1023 K) and the very low value of cell

current.

5.3.1.3 Activation-transportation polarization (ηac)

The activation-transportation polarization, is calculated using the Butler-Volmer

equation [164]. According to the Butler-Volmer equation, the relation between the

second chamber pumping current density (iP2) and the activation-concentration po-

larization is:

iP2 = ioP2

(
xNO,sc
xoNO,sc

)γ[
exp

(
αa2F

R̄T
ηac

)
− exp

(
−αc2F
R̄T

ηac

)]
(5.7)

In Eqn. (5.7), αa2 and αc2 are the charge transfer coefficient of anode and

cathode respectively, while iP2, ioP2 and xoNO,sc are the NOx sensing cell current

density; the reference exchange current density; and the reference mole fraction

of NO in the second chamber that corresponds to the reference NO concentration

in the sample gas. The overpotential ηac is defined as ηac = VP2 − EOC2, where

VP2 and EOC2 are the potential and the open circuit (zero-current) potential of

the NOx sensing cell. The concentration ratio is raised to the power of γ which

reflects the effect of concentration losses. The reference NO concentration in this

model, is constant and corresponds to the highest (2820 ppm) of NO in the sample gas.

5.3.1.4 Diffusion

Diffusion plays a pivotal role in the operation of amperometric sensors and must be

included as one of the main components of the model. It is assumed that O2 has been
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completely removed by the first chamber and all NO2 molecules are converted to NO.

The only species that is reduced in the second chamber is NO which diffuses through

the second diffusion barrier. Each NO molecule transfers two electrons according

to Eqn. (5.1a). Therefore, according to Faraday’s law, the pumping current of the

NOx sensing cell is:

Ip2 = iP2 Ae2 = 2FNNO,sc (5.8)

in Amperes where NNO,sc[
mol
s

] is the molar flow of NO through the second diffusion

barrier to the second chamber.

The relative molar flux of NO can be estimated using Fick’s law [150]:

NNO,sc = −CtDNOAD2
xNO,fc − xNO,sc

LD2

(5.9)

where NNO,sc, xNO,fc and xNO,sc are the molar flow vector and the mole fraction

of NO in the first and the second chamber respectively, LD2 is the length of the

second diffusion barrier, AD2 is the cross sectional area of the second diffusion barrier,

DNO is the diffusion coefficient of NO calculated in [50], and Ct is the total molar

concentration in mole
m3 which according to the ideal gas law is:

Ct =
P

R̄T
(5.10)

where P is the absolute pressure in Pa.

The limiting current value, is the maximum possible cell current determined from

diffusion which according to Eqn. (5.9) corresponds to the lowest molar fraction of NO

in the second chamber (xNO,sc = 0). Combining Eqn. (5.8) and (5.9), the pumping

current of the NOx sensing cell becomes:
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IP2 = iP2 Ae2 = −2FCtDNOAD2
xNO,fc − xNO,sc

LD2

(5.11)

5.3.2 Modeling NO reduction in the first chamber

Due to the observed NO reduction current in the first chamber at low IP2 currents,

a model of the first chamber that can be coupled to the second chamber, is needed.

5.3.2.1 O2 sensing cell electrochemical model

Although NO is usually assumed not reduced in the first chamber, our experiments

show that NO is indeed partly reduced in this chamber. This can affect the sensor

behavior, at very low NOx sensing cell pumping current (IP2 ≈ 0). As the NOx sensing

cell current reduces to zero, the molar flux of NO through this cell also reduces to

zero, according to Eqn. (5.8). This means that at zero NOx sensing cell current, there

is no gradient in NO through the second diffusion barrier, according to Eqn. (5.9)

(also see Figure 5.5).

Figure 5.5: NO mole fraction gradient inside the NOx sensor at different NO concen-
trations in the sample gas

A model is developed to estimate the NO concentration that would reach the

second chamber to consider the effect of partial reduction of NO in the first chamber
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on the NOx sensing cell behavior (the second chamber).

In the first chamber, NO is reduced through the following reactions:

Cathode : NOfc + 2e− → 1

2
N2 +O2− (5.12a)

Anode : O2− +
1

2
N2 → NOenv + 2e− (5.12b)

Overall : NOfc → NOenv (5.12c)

where NOfc is the NO molecule inside the first chamber and NOenv is the NO

molecule in the sample gas.

Using a similar approach to that in section 5.3.1.1, the effect of NO reduction on

the first chamber cell voltage (VP1) can be expressed by:

VP1 = Eo
fc +

∆Sox−red,fc
2F

(T − To)−
R̄T

2F
ln

(
pNOenv

pNOfc

)
︸ ︷︷ ︸

EN

−ηa (5.13)

where, pNOenv and pNOfc
are the partial pressure of NO in the sample gas and in the

first chamber respectively. In this case, Eo
fc and ∆Sox−red,sc are both equal to zero

[95]. Again, using Dalton’s law of partial pressures [162], Eqn.(5.13) becomes:

VP1 = Eo
fc +

∆Sox−red,fc
2F

(T − To)−
R̄T

2F
ln

(
xNO,env
xNO,fc

)
︸ ︷︷ ︸

EN

−ηa (5.14)

where, xNO,env and xNO,fc are the molar fraction of NO in the sample gas and in

the first chamber respectively.
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5.3.2.2 Activation overpotential

The first chamber cell potential is kept at a high value (>0.42 V). Therefore, the

activation is calculated using a Tafel approximation which is valid at high cell voltages

[95]:

ηa =
R̄T

α1F
ln

(
iP1,NO

ioP1

)
(5.15)

where, iP1,NO and ioP1 are the current density and the exchange current density of

the first cell respectively and α1 is the charge transfer coefficient of the first cell.

5.3.2.3 Diffusion

All the NO that comes through the first diffusion barrier is reduced either in the first

or the second chamber. Therefore, according to the Faraday’s law, the molar flux of

NO through the first diffusion barrier, NNO,fc has the following relation between the

first and the second cell pumping currents:

ip1,NOAe1︸ ︷︷ ︸
Ip1,NO

+ ip2Ae2︸ ︷︷ ︸
Ip2

= 2FNNO,fc (5.16)

where, Ae1 and Ae2 are cross sectional area of the first and the second chamber

electrodes respectively. The current Ip1,NO only considers the effect of NO on the first

cell pumping current. In the presence of O2, the value Ip1,NO is at least three orders

of magnitude lower than the overall Ip1 value [50] and does not significantly effect the

sensor sensitivity to O2. Thus, the model parameter estimation tests are carried out

in the absence of O2 in the sample gas.

The relative molar flux of NO can be estimated using Fick’s law [150]:

NNO,fc = −CtDNOAD1
xNO,env − xNO,fc

LD1

(5.17)
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where, NNO,fc is the molar flux vector through the first diffusion barrier, xNO,env

is the mole fraction NO in the sample gas, AD1 is the cross sectional area of the

first diffusion barrier, and LD1 is the length of the first diffusion barrier. Combining

Eqn. (5.16) and (5.17):

ip1,NOAe1 + ip2Ae2 = −2FCtDNOAD1
xNO,env − xNO,fc

LD1

(5.18)

5.3.3 NOx sensor model by coupling the diffusion and the electrochemical

models

To develop a comprehensive NOx sensor model, diffusion and electrochemical equa-

tions for both chambers must be solved simultaneously. A set of coupled nonlinear

equations are used to present the model in a standard form of f(x,u, ζ, β)=0. The

model inputs, variables and parameters are vectors which are listed next. The vector

u contains three model inputs:

u =

[
Vp1 Vp2 xNO,env

]
The vector x contains four model variables (or states):

x =

[
xNO,fc xNO,sc ip1,NO ip2

]

The vector ζ contains 23 model parameters (see Table 5.3):

ζ =

[
T P Eo

fc E
o
sc ∆Sox−red,fc ∆Sox−red,sc xN2,rc xO2,rc Ae1 Ae2 AD1

AD2 Rcell x
o
NO,sc i

o
P1 i

o
P2 γ α1 αa2 αc2 LD1 LD2 DNO

]
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The vector β contains three constants used in the model:

β =

[
F R̄ To

]

All the model parameters and constants are listed in Table 5.3. The objective

of this model is to find the variable vector x for the given model input vector u.

Since the variable vector x has four components, four equations are needed to find

the variables. The four equations are obtained as follows:



Eqn. (5.5) & (5.7) combined→ f1(x,u, ζ,β) = 0

Eqn. (5.11)→ f2(x,u, ζ,β) = 0

Eqn. (5.14) & (5.15) combined→ f3(x,u, ζ,β) = 0

Eqn. (5.18)→ f4(x,u, ζ,β) = 0

with,

f1(x,u, ζ,β) = −u2 + ζ4 +
ζ6

2β1

(
ζ1 − β3

)
− β2ζ1

2β1

ln

(
ζ0.5

7 ζ0.5
8

x2

)
−ζ13x4ζ10 −

β2ζ1

ζ19+ζ20
2

β1

sinh−1

(
x4

2ζ16( x2
ζ14

)ζ17

)
= 0

(5.19)

f2(x,u, ζ,β) = x4ζ10 + 2β1

(
ζ2

β2ζ1

)
ζ23ζ12

x1 − x2

ζ22

= 0 (5.20)

f3(x,u, ζ,β) = −u1 + ζ3 +
ζ5

2β1

(
ζ1 − β3

)
− β2ζ1

2β1

ln

(
u3

x1

)
− β2ζ1

ζ18β1

ln

(
x3

ζ15

)
= 0

(5.21)
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f4(x,u, ζ,β) = x3ζ9 + x4ζ10 + 2β1
ζ2

β2ζ1

ζ23ζ11
u3 − x1

ζ21

= 0 (5.22)

5.4 Experimental setup

5.4.1 Internal Combustion Engines

To study the sensor behavior over a wide range of NOx and other exhaust emission

concentrations, the sensor was first mounted in the exhaust pipe of a four cylinder

medium duty Tier III diesel engine (Cummins QSB 4.5 160) and then in the exhaust

pipe of a four cylinder port injection spark ignition (SI) engine fueled with natural

gas (GM Vortec 3000) as shown in Figure 3.4. The tests were carried out at different

engine operating conditions with different NOx concentrations in the exhaust system

as listed in Table 5.1. The sensor was installed upstream of the engine aftertreat-

ment systems to measure the engine raw emissions. The NOx sensor used in the

experiments was a production ECM NOx sensor (P/N: 06-05). The sensor parame-

ters and operating condition were changed using the corresponding control module

(ECM-NOxCANt P/N: 02-07) connected to a computer via Kvaser Light HS CAN

interface. More details of the experimental setup are in chapter 3.

All measurements were carried out once the engine and the sensor reached steady

state operating conditions.

Table 5.1: Engine operating conditions and NOx concentration in the exhaust gas.
* The stoichimetric air/fuel ratio is changed to change the level of NOx emission in
the SI engine

Engine Engine speed [rpm] Engine output torque [ft-lb] NOx mole fraction [×10−6]
Diesel 2500 30 165
Diesel 2000 100 280
Diesel 1500 200 590
SI 2000 118 750, 1310, 1800, 2200, 2820∗
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5.4.2 Gas mixture test rig

To make sure that the sensor behavior is not affected by the other exhaust gas species,

specially O2 and NO2, a sensor test rig was built based on a design from ECM

[128]. The test rig consists of six externally-controlled 2-way valves, three externally-

controlled 3-way valves, four humidifying tanks and six CCR MKS-GE50A mass flow

controllers, connected to gas cylinders filled to known concentrations. All of the setup

actuators are externally controlled by a PC as schematically shown in Figure 3.13.

To have a better control of NOx concentration, the water tanks are bypassed for all

the tests carried out on the sensor test rig. The sensor tests are carried out with the

sensor test rig using NO/N2 mixture at different NO concentrations.

5.5 Results and discussion

The sensor was tested over a wide range of operating conditions to study the behavior

of the NOx sensing cell and to observe the effect of all important factors on the sensor

output. To do this, the sensor temperature was kept at the stock sensor temperature

in normal operation (T= 1023 K). Then, the NOx sensing cell voltage, VP2 was

changed to cover regions (I to V) in Figure 5.4 (not region VI). These tests were

performed at different engine operating points with different NOx concentrations up

to approximately 2800 ppm (xNO,env = 2800× 10−6).

5.5.1 Activation polarization parameters for the first cell (O2 sensing cell)

To investigate partial reduction of NO in the first chamber (O2 sensing chamber),

several tests were carried out with the sensor test rig in the absence of O2. First,

the open-circuit (zero-current) potential of the second cell (NOx sensing cell) was

found through the experiments at different NOx concentrations in the sample gas.

Theoretically, it is equal to the Nernst potential, EN , defined in Eqn. (5.5). Since
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the second cell pumping current (iP2) is equal to zero, the mole fraction of NO in the

first and the second chamber are equal. Then, using the experimental open-circuit

potential of the second cell at different NOx concentrations, the mole fraction of NO

in the second chamber, xNO,sc, can be estimated using Eqn. (5.5) with ηac and ηΩ set

to zero. Then, the kinetic parameters for the first chamber, α1 and ioP1, are obtained

by fitting iP1 using Eqn.(5.15) where Eqn. (5.14) is used to estimate the overpotential,

ηa as illustrated in Figure 5.6.

iP2 = 0 Eqn. (5.7) ηac = 0

Eqn. (5.6) ηΩ = 0

Eqn. (5.5)

Experimental open-circuit
potential of the second cell

(NOx sensing cell), VP2@iP2 = 0

pNO,scEqn. (5.11)xNO,fc = xNO,sc

Eqn. (5.14) & (5.15) iP1 and VP1 (experimental)

α1 → 3

ioP1 → 3

Figure 5.6: Defining the activation polarization parameters for the first cell

The effect of NO concentration on the first sensing cell current, IP1,NO, was studied

to evaluate the role of the first sensing cell in NO reduction at zero NOx sensing cell

current (IP2=0) and the results are shown in Table 5.2. All the tests were carried out
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on the sensor test-rig in the absence of O2 at different NO concentrations balanced

with N2 .

Table 5.2: The effect of NO concentration on the pumping current of the first chamber
in the absence of O2 and @IP2=0

xNO,env IP1,NO [µA] VP1 [V]
0 0 0.375

100 ×10−6 1 0.38
1140 ×10−6 2 0.423
2800 ×10−6 5 0.465

The IP1 measurement system is designed by the sensor manufacturer for mea-

suring O2 concentration and therefore does not have an appropriate resolution for

measuring low currents. Therefore, the tests are carried out only at points that have

a recognizable effect on IP1.

IP1 increases with the sample gas NO concentration as shown in Table 5.2. The

test results confirm that NO is partly being reduced in the first chamber affecting

NO concentration gradient inside the sensor compartments including the NOx sensing

cell, when IP2 is equal to zero. Using the data in Table 5.2 and the process above, the

resulting activation polarization parameters for the first chamber were determined

and are listed in Table 5.3.

The use of Eqn. (5.14) is needed because the first sensing cell voltage is not fixed

and changes slightly to keep the reference cell voltage constant through a closed

loop controller. Activation polarization parameters for NO reduction in the first

chamber are found based on the experimental open-circuit potential of species in the

second chamber for three NO concentrations along with the corresponding first cell

voltage, VP1, as listed in Table 5.2. The value of VP1 is linearly interpolated for the

concentrations between the measured points listed in Table 5.2.



73

5.5.2 Activation polarization parameters for the second chamber

Generally, the activation polarization becomes the rate-determining step of the species

reduction/oxidation when the current density is very low and the concentration of

reduced/oxidized species is high. Therefore, the NOx sensing cell behavior should be

studied at very low current densities to find the activation polarization parameters

for the model.

As discussed in section 5.5.1, the first sensing cell plays a pivotal role in determin-

ing the open-circuit potential of the second sensing cell by changing the mole fraction

of NO through the sensor compartments as schematically shown in Figure 5.5. The

first cell potential, VP1 increases with the NOx concentration in the sample gas as

shown in Table 5.2. This reduces mole fraction of NO inside the first and the sec-

ond chamber according to Eqn. (5.14) which makes the open-circuit potentials to

converge at high concentrations as shown in Figure 5.7 and schematically illustrated

in Figure 5.5. The error bars in Figure 5.7 represent the uncertainty of the effect

of NOx concentration on the second cell open-circuit potential. This uncertainty

decreases as the NOx concentration in the environment increases.
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Figure 5.7: Experimental open-circuit potential of the NOx sensing cell

The cell behavior at high concentration (2820 ppm) and very low current densities
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(<0.2 [A/m2]) was used to find the parameters of activation loss, i.e. ioP2, αa2 and

αc2 as shown in Figure 5.8, considering the corresponding mole fraction of NO at this

operating condition as the reference mole fraction (xoNO,sc). The cell overpotential

is defined as η = Ecell − EN,exp, where EN,exp is the experimental open-circuit cell

potential. A Butler-Volmer fit has been carried out using a trust-region algorithm

[165] with squared correlation coefficient (R2) of 0.9736 and Root Mean Square Error

(RMSE) of 0.01512. The cell current density, iP2, is obtained from the experimental

measurements. All the Butler-Volmer fit parameters are listed in Table 5.3.
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Figure 5.8: Butler-Volmer fit for 2820 ppm NO concentration in the environment
(xNO,env = 2820× 10−6)

5.5.3 Model Validation

To validate the model capability to predict sensor behavior at different cell voltages

and different NOx concentrations, the sensor is mounted on the exhaust system of a

Diesel and SI engine as explained in chapter 3. Different engine operating conditions
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with different NOx concentrations listed in Table 5.1 are tested. All the engine tests

are carried out at steady state engine operating condition, where the engine is fully

warmed up. To maintain steady state, the engine output torque was controlled by

a dynamometer at the set points listed in Table 5.1, while the engine speed was

controlled by the engine controller. After the engine reached steady state operating

condition, the second cell potential was changed using the NOx sensor control module

via the Kvaser Light HS CAN interface. The NOx sensing cell potential was changed

to cover the full operating range at each NOx concentration set point. To do this, the

potential was varied from the open circuit potential to the diffusion rate-determining

operating condition. The operating conditions and sample gas conditions of each test

were applied to the sensor model as the inputs (VP1, VP2, xNO,env) where, VP1 and

VP2 are the sensor operating condition inputs and xNO,env is the boundary condition

applied to the model. The boundary condition values are listed in Table 5.1. The

actual sensor temperature and cell voltage were measured and used as the inputs

for the diffusion model and the electrochemical model. The model was then used

to predict the sensor current at different diesel and SI engine operating conditions

with different NOx concentrations listed in Table 5.1 and at different NOx sensing

cell potentials to evaluate the accuracy of the model in predicting the effect of model

inputs (VP1, VP2, xNO,env) on the measureable output (iP2).

The experimental and the model output results for the NOx sensing cell are shown

in Figure 5.9 with symbols representing the data and the lines representing the model.

The effect of water vapor and the other exhaust gas species (such as CO2, un-

burned hydrocarbons, particulate matters, etc) on the model boundary condition is

considered since all these species contribute to NOx dilution inside the exhaust gas.

However, the cross sensitivity of the NOx sensor to water vapor is neglected in the

model which could be one of the factors affecting the model accuracy at some operat-

ing conditions shown in Figure 5.9. The model results match the experimental data
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Figure 5.9: Experiments and simulation results of the sensor pumping current, Ip2 vs
cell voltage at different NOx concentrations in the environment

with maximum error of 12 % at VP2 = 0.29 V and [NOx]= 1800 ppm as shown in

Figure 5.9. As the cell voltage increases, more NO is reduced on the cathode electrode

inside the sensing chamber which reduces the mole fraction of NO inside the chamber

based on Eqn. (5.5). Reduction of NO directly changes the NO gradient inside the

sensor and makes it easier to estimate the mole fraction of NO inside the NOx sensing

chamber. Finally, the sensor pumping current reaches its maximum value limited by

the diffusion of species through the sensor porous diffusion barriers, which is accu-

rately captured by the model as shown in Figure 5.9. The experimental results of the

second sensing cell test are listed in Appendix B.

5.6 Chapter summary

The full range of the sensing cell current-voltage curve of an amperometric NOx sen-

sor was experimentally studied and then simulated. First, diffusion of the sample gas

species through the sensor porous diffusion barriers and sensor chambers were mod-
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eled. Then, the diffusion model was coupled to an electrochemical model to predict

the current-voltage curve of the NOx sensing cell. The ohmic loss, activation loss and

concentration loss have been included in the electrochemical submodel. To validate

the sensor model at different operating conditions, the sensor was installed on the ex-

haust pipe of a medium duty 4.5 L Diesel engine, a 3 L port injection spark ignition

engine and a sensor test-rig that provides fully controlled gas mixtures. Experiments

were carried out at different engine operating conditions to provide a wide range of

NOx concentrations for NOx sensor model validation. The sensor model consists of

4 non-linear equations with 3 inputs, 23 physics-based parameters and 3 constants.

The NOx sensing cell voltage was changed from the open-circuit cell voltage, which

corresponds to zero current density, to 0.45 V that corresponds to the limiting current

of the NOx sensing cell.

It is shown that NO partially reduces in the first chamber which affects the

NOx sensing cell open-circuit potentials. The experimental open-circuit potential

at different concentrations were defined and then implemented in the model to simu-

late NO reduction in the first chamber at IP2 = 0. The model results for the limiting

current and the pumping current of the NOx sensing cell, closely match the exper-

iments for a wide range of cell voltages and different engine operating points with

different NOx concentrations up to more than 2800 ppm.
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Table 5.3: Model parameters and constants. Estimated parameters are from physics-
based models explained in the chapter.

Parameter Description value Source
T Sensor temperature 1023 [K] Measured
P Sample gas pressure 1 [atm] Measured

Eo
fc

open-circuit potential at the standard
state for the first chamber

0 [V] Calculated [95]

Eo
sc

open-circuit potential at the standard
state for the second chamber

0.4487 [V] Calculated [95]

∆Sox−red,fc
The change in entropy of products

reactants for the first chamber
0 [ J

mole.K
] Calculated [95]

∆Sox−red,sc
The change in entropy of products
-reactants for the second chamber

-12.5325[ J
mole.K

] Calculated [95]

xO2,rc
O2 mole fraction in

the reference chamber
0.10 [-] Assumption

xN2,rc
N2 mole fraction in

the reference chamber
0.90 [-] Assumption

Ae1 First electrode cross sectional area 10.15×10−6[m2] Measured
Ae2 Second electrode cross sectional area 2.59×10−6[m2] Measured

AD1
1st Diffusion barrier
cross sectional area

1.81×10−7[m2] Measured

AD2
2nd Diffusion barrier
cross sectional area

3.2×10−8[m2] Measured

Rcell Cell resistance 0 [Ω] Estimated

xoNO,sc
Reference mole fraction of NO

in the second chamber
6.62× 10−7 [-] Estimated

ioP1 First cell exchange current density 0.0109[A/m2] Estimated
ioP2 Second cell exchange current density 0.0471[A/m2] Estimated

γ
Second cell power of
concentration ratio

0.1 [-] Estimated

α1 First cell charge transfer coefficient 4.817 [-] Estimated

αa2
Second cell charge transfer coefficient

for anode
4.15 [-] Estimated

αc2
Second cell charge transfer coefficient

for cathode
7.5 [-] Estimated

LD1 Length of the first diffusion barrier 1.66 [mm] Measured
LD2 Length of the second diffusion barrier 0.71 [mm] Measured

DNO
Diffusion coefficient of NO
through the sensor barriers

7.1× 10−6[m
2

s
] Estimated

Constant Description value Source
F Faraday constant 96485.33 [C/mol] [166]
R̄ Universal gas constant 8.314 [ J

mole.K
] [166]

To Reference temperature 298.15 [K] [166]
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Chapter 6

NOx sensor Cross sensitivity to ammonia and

propane

This chapter investigates the cross sensitivity of an amperometric NOx sensor to am-

monia and proposes a physics-based model to remove this cross sensitivity. The chap-

ter also includes developing an amperometric HC sensor by changing the operating

parameters of a production NOx sensor.

6.1 Cross sensitivity to ammonia

As discussed in chapter 2, Urea-based selective catalytic reduction (SCR) is an effec-

tive technique to reduce the NOx emissions and to satisfy future emission standard

regulations for Diesel engines[7]. Measuring the NOx concentration in the exhaust

gas is essential for closed-loop control of SCR systems [69, 74, 75]. However, the

commercial NOx sensors are cross-sensitive to ammonia (NH3) [68] and therefore the

NOx sensor reading can differ from the actual value when NH3 is present [76]. De-

termining actual NOx is an important challenge for controlling urea injection of SCR

systems.

Cross sensitivity of commercial NOx sensors to NH3, makes it difficult to achieve

maximum NOx conversion in SCR control. The time delay in the urea or ammo-
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nia injection and SCR catalyst dynamics are other important factors that limit the

performance of closed-loop SCR control [77]. Therefore, removing the sensor cross

sensitivity to the contaminations in the exhaust gas, is crucial to improve the system

performance and to reduce the emissions.

The comprehensive understanding of the sensor performance and working princi-

ples gained in this work, provides a foundation to reduce, to remove, or at least to

predict the sensor cross sensitivity to the exhaust gas contaminations. Another way of

removing the sensor cross sensitivity to the exhaust gas contaminations is estimating

the concentration of the species that affect the sensor response by modeling the engine

aftertreatment systems. In this section, a physics-based SCR model is employed to

estimate NH3 concentration downstream of a SCR system mounted on a diesel engine

in order to reduce the cross sensitivity of a NOx sensor to NH3. Then, the cross sen-

sitivity of an amperometric NOx sensor to ammonia is experimentally studied under

different sensor operating conditions and different ammonia concentrations.

6.1.1 Removing cross sensitivity of NOx sensor to ammonia leakage down-

stream of a SCR system1

Depending on the sensor type (potentiometric, amperometric etc), the sensor design

and the sensor operating parameters, the cross sensitivity factor can vary at different

sensor or engine operating conditions. The cross-sensitivity factor of a NOx sensor

to NH3 is taken as a constant by [167, 168] and a function of time by [76] and the

normalized stoichiometric ratio by [73].

The focus of this section is removing the cross sensitivity by estimating the con-

centration of the ammonia in the exhaust gas around the NOx sensor. To do so, a

NOx sensor is selected that has a wide range of cross sensitivity variation at different

1This subsection is partly based on: M. Aliramezani, C.R. Koch, and R.E. Hayes. Estimating
tailpipe NOx concentration using a dynamic NOx/ammonia cross sensitivity model coupled to a
three state control oriented SCR model. IFAC-PapersOnLine, 49(11):813,2016. [33]
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operating conditions [158], so that different cross sensitivity cases are examined and

the most appropriate one is selected and improved.

The available cross sensitivity removal cases are first evaluated. Then, a

temperature-based function is derived for the cross sensitivity factor based on ex-

perimental data. The model is then improved for transients by adding a correction

factor. A new parameter (normalized ammonia slip rate) is defined which is found to

be an effective factor for cross sensitivity in transients. A three state control oriented

SCR model is calibrated and used to predict NH3 slip and the results are validated

using experimental data.

Finally, the SCR model and the sensor model are coupled and NOx concentration

is estimated using the NOx sensor signal decomposition. The validation results show

that the model is capable of accurately estimating the actual NOx concentration based

on the NH3 and NOx concentration upstream of the SCR and the NOx sensor signal

located downstream of the SCR for the data tested.

6.1.1.1 Experimental setup

The experimental data in [158] is used to evaluate different cross sensitivity models.

A schematic of experimental setup used in [158] is shown in Fig. 6.1. The NH3 and

NOx sensors used in the experiment are Delphi and Siemens V DO respectively [70,

158].
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Figure 6.1: Exhaust after treatment system - Experimental setup

6.1.1.2 Cross sensitivity model

A linear form of a NOx sensor cross sensitivity model is [169]:

CNOx = CNOx + CCSCNH3 (6.1)

Where, CNOx is the sensor output signal, CCS is the cross sensitivity factor. CNOx

and CNH3 are NOx and NH3 concentrations respectively. Rearranging Eqn. (6.1), the

actual NOx concentration is:

CNOx = CNOx − CCSCNH3 (6.2)

The cross-sensitivity factor is taken to be: a constant [167, 168]; a function of

time [76] and the normalized stoichiometric ratio [73]. However, commercial sensors

are complex and as shown, these models can be improved for transient conditions or

when there is large amounts of NH3 slip. In this section, experimental data from the

literature [158] is used to evaluate different cross sensitivity models. Two tests are

chosen from the experimental data and are described in Table 6.1, with details in
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[158].

Table 6.1: Engine tests description [158]

Test number Test 1 Test 2

Engine speed range [rpm] 1700 1000
Engine torque range [Nm] 265-285 235-250

Gas Temperature before SCR [oC] 270-333 245-250
AdBlue Inj. Rate [mg/sec] 145 107

The measured values from Horiba MEXA 7500 gas analyzer after the SCR and

NOx concentration estimates for different constant cross sensitivity factors are shown

in Fig. 6.2 and 6.3, where CNOx, CNH3 are measured from downstream of the SCR and

the temperature is the exhaust gas upstream of the SCR. Both tests have transient

Adblue (Ammonia) injection [158].
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Figure 6.2: Modeled NOx concentration (downstream of the SCR) for constant cross
sensitivity factors vs. actual concentration - test 1

The actual NOx concentration is taken as the measured value from Horiba gas

analyser (the solid black line). The output signal from the production NOx sensor (the

dot-dashed blue line) shows a significant deviation from the actual NOx concentration.
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Figure 6.3: Modeled NOx concentration (downstream of the SCR) for constant cross
sensitivity factors vs. actual concentration - test 2

Since NH3 is also measured by an ammonia sensor, different cross-sensitivity factors

are checked using the ammonia slip and the NOx sensor reading as shown in Fig. 6.2

and 6.3 for tests 1 and 2 respectively. The use of a constant cross sensitivity of 0.5, 1,

1.5 and 2 in Eqn. (6.2) are also shown as the four dashed lines. Even with constant

cross sensitivity, the NOx sensor model error is significant. This error is attributed

to exhaust gas temperature deviation between the tests.

The cross sensitivity factor is found varying with exhaust gas temperature over

a bounded range [76, 158]. The function arctan(T) is used as a simple function to

describe the dependence on temperature (T). To achieve this

cCS(T ) = a ∗ arctan((T − b) ∗ c) + d (6.3)

is used for cross sensitivity as a function of temperature with T[K] and a, b, c and d

are parameters which are fit to the experimented data from [158] and listed in Table

6.2.
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Table 6.2: Calibrated parameters of the temperature-based cross sensitivity function,
Eqn. (6.3)

Parameter Value

a 0.65
b 550
c 0.1
d 1.087

The estimate of NOx concentration for the two cases above including the temper-

ature dependent cross sensitivity are shown in Fig. 6.4 and 6.5. Estimated NOx has

a maximum error of 34 ppm and 48 ppm for tests 1 and 2 respectively using a single

cross sensitivity function. This is significantly lower error than with constant cross

sensitivity.
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Figure 6.4: Modeled NOx concentration from the temperature-based cross sensitivity
(cCS(T ) - test1) - maximum error: 34 ppm

To further improve the model transient response, a normalized stoichiometric

ratio (NSR) is used [73]. NSR is defined as the fraction of NH3 concentration over
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Figure 6.5: Modeled NOx concentration from the temperature-based cross sensitivity
(cCS(T ) - test2) - maximum error: 48 ppm

NOx concentration:

NSR =
CNH3

CNOx

(6.4)

However, as shown in Fig. 6.6 and 6.7, the relation between cross sensitivity and

NSR is not static and changes with the time over the two tests.

To include time dependance, a new factor is proposed:

β =
dCNH3

dt

CNH3

(6.5)

In Eqn. (6.5), CNH3 is the measured ammonia concentration from NH3 sensor

[158].

Then, cCS(T ) in Eqn. (6.3) is augmented to include a transient correction factor,

k(β) as:

cCS(T, β) = k(β) cCS(T ) (6.6)
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Where, cCS(T ) is calculated from Eqn. (6.3).

The calibrated values of k(β) from the experimented data for different ranges of

β is shown in Table 6.3.

Table 6.3: Transient correction factor k(β) in Eqn (6.6)

β k(β)

> 0 1.1
= 0 1
< 0 0.8

The transient correction factor, k(β), adds step changes to the model when β

changes sign. This is undesirable so a first order low pass filter is used with a time

constant that is a function of temperature.

Considering β as a function of time, the first order low pass filter has the following

form:

K(β(s), T ) =
1

τ(T )s+ 1
K(β(s)) (6.7)
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Figure 6.7: Effect of NSR on cross sensitivity (test2)

Then:

k(β, T, t) = L−1{K(β(s), T )} (6.8)

The result from Eqn. (6.6) has the form:

cCS(β, T, t) = k(β, T, t)cCS(T ) (6.9)

with T in Kelvin, t in seconds, k(β, T, t) from Eqn. (6.7) and cCS(T ) from Eqn. (6.3).

The NOx level using Eqn. (6.9) are shown in Fig. 6.8 and 6.9.

The model in Eqn. (6.9), follows the measured NOx in Fig. 6.8 and 6.9 with a

maximum overshoot (undershoot) of 10 (4) ppm and 45 (19) ppm instead of 34 (43)

ppm and 48 (33) ppm for tests 1 and 2 respectively.

6.1.1.3 Selective Catalyst Reduction (SCR) Model

Chemistry of the De-NOx SCR process
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Figure 6.8: Modeled NOx concentration - Maximum overshoot: 10 ppm, undershoot:
4 ppm (Eqn. (6.9), test1)

The main NOx reduction reactions of SCR are described in section 2.1.3.

SCR reaction rates

The injected ammonia can be adsorbed on and desorbed from the SCR substrate.

The kinetic rates of ammonia desorption and adsorption on the catalyst surface are

calculated as [170]:

Rdes = kdesexp(
Edes
R̄T

)θNH3 (6.10)

Rads = kadsexp(
Eads
R̄T

)CNH3(1− θNH3) (6.11)

The reaction rate, Rred, of NOx reduction is defined by [167]:

Rred = kredexp(
Ered
R̄T

)CNOxθNH3 (6.12)

where, R̄ is ideal gas constant, T is the temperature and kred and Ered are two

constants.



90

Time (s)
0 500 1000 1500 2000 2500 3000 3500

C
on

ce
nt

ra
tio

n 
(p

pm
)

0

500
Test 2

K
(β

,T
,t
)c

C
S
(T

)

0

0.5
CNOx-Horiba

exp

CNOx-Model (C
CS

 =C
CS

(T))

CNOx-Model (C
CS

 =K(β,T,t)C
CS

(T))

K(β,T,t)CCS(T))

Figure 6.9: Modeled NOx concentration - Maximum overshoot: 45 ppm, undershoot:
19 ppm (Eqn. (6.9), test2)

Another main reaction that should be considered is the NH3 oxidation rate, Roxi,

which occurs at temperatures higher than 450 oC and is represented as [76]:

Roxi = koxiexp(
Eoxi
R̄T

)θNH3 (6.13)

where koxi and Eoxi are two constants and θ is the ammonia surface coverage ratio

defined as:

θNH3 =
M∗

NH3

Θ
(6.14)

M∗
NH3

is the mole of ammonia stored on the SCR substrate surface and Θ is ammonia

storage capacity (mole) described as [171]:

Θ = S1exp(−S2T ) (6.15)
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where S1 and S2 are constants.

SCR model formulation

A three-state nonlinear model was developed in [172] using tailpipe NOx and

NH3 concentration and ammonia surface coverage ratio with the states:


ĊNOx

θ̇NH3

ĊNH3

 =


f1(CNOx, θNH3 , T, F )

f2(CNOx, θNH3 , T, CNH3)

f3(CNH3 , θNH3 , T, F )



+


0

0

F
V

CNH3,up +


F
V

0

0

CNOx,up
(6.16)

where,

f1(CNOx, θNH3 , T, F ) = −CNOx(ΘrredθNH3 + F
V

) + roxiΘθNH3

f2(CNOx, θNH3 , T, CNH3) = −θNH3(rredCNH3 + rdes + rredCNOx + roxi) + radsCNH3

f3(CNH3 , θNH3 , T, F ) = −CNH3(Θrads(1− θNH3) + F
V

) + ΘrdesθNH3

CNOx and CNH3 are tailpipe NOx and NH3 concentrations, respectively, CNOx,up

and CNH3,up are NOx and NH3 concentrations upstream of the SCR, respectively,

F [m3/s] is the exhaust volume flow rate, V [m3] is the catalyst volume, T [K] is exhaust

gas temperature, Θ is calculated from Eqn. (6.15) and rdes, rads, rred and roxi are

defined as:

ri =
Ri

θ
, i = des, ads, red, oxi (6.17)

SCR Model Validation

To calibrate the parameters and validate the SCR model for different operating

conditions, results from the literature [158] are used.

Simulated and experimental values of NH3 slip for test 1 are shown in Fig. 6.10.
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According to Fig. 6.10, the simulated NH3 slip (blue line) matches the measured

values (yellow line) with maximum error of 21 ppm while the NH3 concentration

upstream of the SCR is the red line from [158].

NH3 slip is the output of the SCR model that is used in the next section.
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Figure 6.10: Predicted NH3 concentration downstream of the SCR for test 1

6.1.1.4 Coupling SCR and NOx sensor model

The SCR and NOx sensor models are now coupled to estimate the actual NOx con-

centration based on NOx sensor signal and exhaust gas temperature upstream and

downstream of SCR. A Schematic of the coupled model is shown in Fig. 6.11, where,

Tup,SCR[K] is the exhaust gas temperature upstream of SCR.
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As indicated in Fig. 6.11, NH3 and NOx concentration upstream of the SCR are

both considered as inputs of the model. Although, in this model, NOx concentration is

measured by an accurate measurement device (Horiba MEXA 7500). For production

engine management strategies, NH3 and NOx concentration at upstream of the SCR

should be measured or estimated. A simple practical method is using a production

NOx sensor upstream of the Adblue injector and modeling NH3 concentration based

on the injected Adblue.

The simulated and experimental values of NH3 slip from the coupled SCR and

NOx sensor model are shown in Fig. 6.12 for test 1.

The final Ccs model (red line), Eqn. (6.9), has the closest value to the actual

NOx concentration (black line) in comparison with all sensor models coupled to the

SCR model as shown in Fig. 6.12. It should be noted that the error of all models

consists of both sensor and SCR model errors.

6.1.1.5 Summary of ammonia cross sensitivity

In this section, ammonia cross sensitivity of a production NOx sensor is modeled for

slow transients. The most effective factors on cross sensitivity were evaluated to get

the best accuracy against the experiments. The model is validated for large amounts

of ammonia slip. A dynamic production NOx sensor model is then developed to

remove ammonia cross sensitivity and to decompose the NOx sensor output signal. A

basic model is derived for the cross sensitivity factor based on the experimental data

as a function of exhaust gas temperature. The model is then improved for transients

by considering a correction factor as a function of normalized ammonia slip rate

(NASR). A three-state nonlinear control oriented SCR model is used to predict the

NH3 concentration downstream of the SCR. The SCR model and the sensor model

are finally coupled and NOx concentration is estimated using the NOx sensor signal
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Figure 6.12: NOx concentration from coupled SCR and NOx sensor model for test 1

decomposition. The validation results confirms that the model is capable to accurately

estimate the actual NOx concentration based on the NH3 concentration upstream of

the SCR and the NOx sensor output signal. This model can be used for future engine

emission control strategies such as SCR control.

6.2 Cross sensitivity to hydrocarbons - A variable-potential limiting-

current-type amperometric hydrocarbon sensor2

A limiting-current-type amperometric hydrocarbon sensor for rich conditions (in the

absence of O2) is developed in this section. To do this, an inexpensive three-chamber

amperometric sensor with three separate electrochemical cells is parameterized to

measure propane concentration. The sensor is tested using a controlled sensor test

rig at different propane concentrations. This test rig was developed as a part of this

thesis. The inputs to the sensor electrochemical cells have been modified to optimize

2This subsection is partly based on: A variable-potential limiting-current-type amperometric hy-
drocarbon sensor [52]
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the sensor performance for measuring propane at different concentrations. First, the

transient performance and stability of the sensor are optimized by changing the sensor

temperature, the reference cell potential, and the stabilizing cell potential at a high

propane concentration (5000 ppm - balanced with nitrogen). Over the range tested,

the sensor has the longest stable output duration at the temperature of 1009 K, the

reference cell potential of 0.67 V and the stabilizing cell potential of 0.45 V. After

defining these optimized sensor operating parameters for the sensor temperature,

the reference cell potential and the stabilizing cell potential, the sensor steady state

behavior is studied to find the diffusion-rate-determined operating region.

Amperometric gas sensors (AGS)s belong to a promising group of electrochemical

gas sensors that play a pivotal role in a wide range of industrial applications, including

the automotive industry [50], medical [173, 174], and environmental monitoring [175,

176]. In an AGS, the sensor output signal is equal to the current generated by

oxidation or reduction of species over the electrode-electrolyte interface. This current

is typically measured at a fixed cell potential to obtain stable current value [177,

178]. Variable-potential AGS are also used in some applications such as wide-band

O2 sensors [179] to increase the sensor operating range.

The AGS current signal generally depends on the sensing cell potential, sensor

temperature and the concentration of the measuring species [54, 180]. When the

sensor temperature and the potential of an AGS sensing cell is set high enough,

then the reaction rate becomes much faster than diffusion rate of species through

the sensor diffusion barriers. In this case, the sensor current output is limited only

by the diffusion of species. These sensors are called limiting-current type ampero-

metric sensors. Limiting-current-type AGSs have much higher resolution than other

types of electrochemical sensors and do not depend on chemical equilibrium at the

electrode/electrolyte interface [181, 182].

Defining the optimal value of sensing cell voltage is essential to achieve the most
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stable sensor response. This is a trade-off since the sensing cell potential must be

high enough to keep the reaction rates within the diffusion-rate-determining region

[183], otherwise the sensor output signal will not be proportional to the concentration

of the measuring species reducing the sensor accuracy. However, if the sensing cell

voltage is too high, electrolyte decomposition takes place [127] which will not only

reduce the sensor accuracy but can also damage the sensor. The value of optimal cell

potential is also affected by manufacturing tolerances and sensor aging.

These drawbacks of fixed potential amperometric sensors can be solved by imple-

menting a variable-potential sensing cell. Implementing a variable-potential sensing

cell, facilitates controlling the partial pressure of the measuring gas species inside

the sensing cell using a reference cell [110]. In this case, the sensing cell potential is

changed to keep the reference cell potential at a constant value [140]. This is used in

wide band lambda sensors where the oxygen concentration in the engine exhaust sys-

tem is compared to the stoichiometric condition represented by the reference chamber

set-point potential [109].

A limiting-current-type hydrocarbon sensor is developed to measure propane over

a wide range propane concentration in a rich (no oxygen) environment. A low cost

mass produced amperometric O2- NOx sensor is used as the base sensor and then the

operating conditions are modified to measure propane concentration. All of the main

electrochemical inputs of the sensor have been modified to improve the sensor perfor-

mance for measuring propane at different concentrations. The three electrochemical

sensor cells in this case are: HC sensing, reference and stabilizing. The effect of sen-

sor temperature (controlled by a closed loop heater), the reference cell potential, and

the stabilizing cell potential on sensor performance are first studied to improve the

transient performance and stability of the sensor. The sensor inputs and outputs are

shown schematically in Fig. 6.13. Next, the sensor steady state behavior is experi-

mentally investigated to find the diffusion-rate-determined operating region. Finally,
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the sensor transient response is studied for step changes in propane concentration.

Figure 6.13: Amperometric HC Sensor operating parameters and input-output
schematic

6.2.1 Amperometric sensor for HC measurement

A conventional NOx sensor has been used as the base sensor and modified to measure

propane at different concentrations. The sensor, shown schematically in Fig. 6.14,

consists of three electrochemical cells: the HC sensing cell, the reference cell and the

stabilizing cell. The sensor inputs are set to develop the capability of a limiting-

current type amperometric HC sensor. In the limiting-current operating region, HC

oxidizes in the first chamber and produces a cell current proportional to HC concentra-

tion. Higher resolution and easier calibration of this sensor are the main advantages

in comparison with the other amperometric HC sensors [177, 178, 184].

The HC sensing cell is a variable-potential electrochemical cell. An internal con-

troller adjusts the HC sensing cell potential (VP1) to keep the reference cell potential

(VS) at a constant value. VS corresponds to the potential difference between the
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Figure 6.14: HC Sensor Schematic

HC sensing cell electrode (E3) and the reference cell electrode (E4). When the HC

concentration in the surrounding gas increases and therefore diffuses into the first

chamber, then the HC sensing cell voltage decreases to oxidize all the HC inside the

first chamber to keep the reference cell potential at a constant value. It will be ex-

perimentally shown here that a positive fixed value of the stabilizing cell potential,

increases the sensor stability at high hydrocarbon concentrations. The best value of

the reference cell potential and the stabilizing cell potential have been determined

experimentally as explained in the next section.

6.2.2 Experimental setup

The sensor test rig explained in section 5.4.2 was used to test the sensor at different

propane concentrations.
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6.2.3 Determining HC measurement parameters (HMPs)

The sensor temperature, TS, the reference potential, VS and the stabilizing cell po-

tential, VP2, are the main inputs that affect the sensor performance by influencing

the diffusion of HC (propane) through the sensor as well as the oxidation rate of

HC over the sensing electrode. The main objective of this optimization process is to

investigate the effect of these factors on sensitivity and stability of the sensor.

To achieve high resolution and accuracy it is desirable that the sensor operate

in Diffusion Rate Determining (DRD) conditions. To keep the sensor at the DRD

condition, the diffusion rate of the measuring species through the sensor diffusion

barrier should be lower than the reaction rate of the species on the sensing electrode.

The sensor inputs (shown in Fig. 6.13) are modified to extend the working range of

the sensor by expanding the DRD operating region.

The reaction rate of species over the sensing electrode is a function of electrode ma-

terial, sensor temperature and the cell potential [95, 161]. The diffusion rate directly

varies with the sensor temperature, the concentration of species in the surrounding

gas and the concentration of species inside the sensor chambers [54, 95] according to

the equations explained in section 6.2.4.2.

The diffusion rate increases with increasing the hydrocarbon concentration in

the surrounding gas. If the hydrocarbon concentration goes higher than a certain

large value, the diffusion rate becomes higher than the reaction rate and the sensor

does not operate at DRD. Then, not all the HC can be oxidized inside the sensing

cell since the HC oxidation rate is not as high as the diffusion rate of HC into the

sensing chamber. The sensor behavior becomes unstable above this value due to the

unbalanced diffusion-reaction rate and accumulation of the HC in the sensing cell.

The sensor is exposed to a high value (here, 5000 ppm) propane mixture balanced

with nitrogen. This concentration is too high for the sensor to operate at diffusion
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limiting condition. Instead, the sensor has rate-determining operation. Then, the

sensor inputs are changed to maximize the time duration of stable operation of the

sensor. These specified sensor inputs are then used to study the sensor behavior at a

DRD operating condition.

6.2.3.1 The effect of reference cell potential

The reference cell potential represents a set point for species concentration in the sens-

ing chamber. For instance, in a wide-band oxygen sensor, the reference cell potential

represents the oxygen concentration for stoichiometric combustion (zero oxygen con-

centration and zero unburned hydrocarbon concentration). For the amperometric HC

sensor studied here, the reference cell (VS) potential remains constant during sensor

operation using a feedback controller by adjusting the HC sensing cell potential (VP1).

Once the reference potential is set, a closed loop controller adjusts the sensing cell

potential and current to maintain the partial pressure of the oxidized species at the

reference value.

The effect of reference cell potential on the sensor transient behavior is experimen-

tally tested and the results are shown in Fig. 6.15 and Fig. 6.16. The sensor is first

exposed to pure nitrogen (initial condition) and then to 5000 ppm propane diluted

with nitrogen. The 5000 ppm propane is high enough to put the sensor in reaction

rate determining operation. Then first objective is to maximize the duration of stable

sensor current output before it starts dropping due to accumulation of non-oxidized

HCs inside the first chamber and consequently dropping HC sensing cell voltage.

Maximizing the stable-output duration at such a high concentration, ensures stable

behavior at lower concentrations and therefore, increases the sensor DRD operating

range.

Stable-output duration is experimentally found to increase with the reference cell

potential. The corresponding sensing cell potential generally increases with the refer-
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ence potential as shown in Fig. 6.16 and therefore postpones VP1 drop and postpones

sensor unstable behavior. However, increasing the reference cell potential to 0.82 V

has an opposite effect on the output stability. This is attributed to electrode decom-

position that takes place at high cell potentials [127].
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Figure 6.15: The effect of reference cell potential on the transient behavior of the
sensor output current at HC (propane) concentration = 5000 ppm

6.2.3.2 The effect of Temperature

The sensor temperature has a more complicated effect on the sensor behavior as it

affects both the diffusion of species through the sensor diffusion barriers (explained

in section 6.2.4.2) and the reaction rate over the electrode as follows [51]:

VP1 = Eo +
∆Sox−red
nF

(Ts − To)−
R̄T

nF
ln

( ∏k1
i=1(xi,anode)

y1i∏k2
j=1(xj,cathode)y2j

)
︸ ︷︷ ︸

EN

−ηa (6.18)
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Figure 6.16: The effect of reference cell potential on the transient behavior of the
sensing cell potential at HC (propane) concentration = 5000 ppm

where, R̄ is the universal gas constant, F is the Faraday constant, Ts is the sensor

temperature (in Kelvin), To is the reference temperature, ∆Sox−red is the change

in entropy of products-reactants at the operating temperature and Eo is the open-

circuit potential at the standard state (1 atm; 298.15 K) while xi,anode and xj,cathode

are the molar fraction of species around the anode and the cathode respectively. The

parameters y1i and y2j and n depend on the species involved in the electrochemical

reaction [51].

Therefore, the effect of temperature on the sensor output stability may vary for

different operating conditions. The effect of sensor temperature on sensor transient

behavior at three different reference potentials is shown in Fig. 6.17 and 6.18. The

reaction rate and the diffusion rate both increase with the sensor temperature [50,

127]. This two-sided effect can either reduce or increase the stable-output duration,

depending on the operating condition.
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According to the experimental results, at VS = 0.45 V, the stable-output duration

decreases dramatically when the sensor temperature increases from TS = 1023 K to

1080 K while at VS = 0.82 V, the stable-output duration increases as the tempera-

ture increases. For 1009 K ≤ TS ≤ 1080 K and 0.35 V ≤ VS ≤ 0.82 V, the most

stable sensor performance is experimentally found at TS= 1009 K and VS = 0.672 V.

Stabilizing is defined as the time it takes for IP2 to drop to 10% lower than its stable

response value for a step input of propane.
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Figure 6.17: The effect of temperature on the transient behavior of the sensor output
current at HC (propane) concentration = 5000 ppm
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Figure 6.18: The effect of temperature on the transient behavior of the sensing cell
potential at HC (propane) concentration = 5000 ppm

6.2.3.3 The effect of stabilizing cell potential

Compared to the HC sensing cell, the stabilizing cell has a Platinum (Pt) electrode

which has a lower activation energy for reducing species inside the stabilizing cell

chamber. This significantly affects the gradient of species concentration through all

of the sensor chambers and barriers [50] and changes the sensor output. To find the

best value of the stabilizing cell potential (VP2), the transient behavior is examined

at two different cell potentials, VP2 = 0.22 V and VP2 = 0.45 V. The sensor is tested

at two stabilizing cell potentials of 0.22 V and 0.45 V and the results are shown in

Fig. 6.19 and 6.20. The potential VP2 = 0.45 V is used as it is typically high enough to

reduce any combustion engine productions, such as NOx, that get into the stabilizing
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chamber [50].

At HC = 5000 ppm in the surrounding gas, the stable-output duration is experi-

mentally found to increase as the stabilizing cell potential increases. The stabilizing

cell potential is set to VP2 ≤ 0.45 V to avoid electrolyte decomposition.
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Figure 6.19: The effect of second sensing cell potential on the transient behavior of
the sensor output current at HC (propane) concentration = 5000 ppm

6.2.3.4 The effect of CO2 presence

All the above tests were carried out in the absence of any oxygen containing species

as the propane mixture was diluted with pure nitrogen. To study the sensor transient

behavior in the presence of an oxygen containing specie, CO2 is used. The choice

of CO2 is based on that it is a hydrocarbon combustion product. Now, the sensor

is exposed to the same propane concentration (4350 ppm) without and with CO2,

while CO2 concentration = 13 % setting VS = 0.35 V, VP2 = 0.45 V and the sensor

temperature equal to 1080 K. For both of the tests, the sensor is initially exposed to
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Figure 6.20: The effect of second sensing cell potential on the transient behavior of
the sensing cell potential at HC (propane) concentration = 5000 ppm

the N2-CO2 mixture with no propane and then to 4350 ppm propane concentration.

The transient results are shown in Fig. 6.21. The presence of CO2 does not have a

significant effect on the sensor transient behavior as shown in Fig. 6.21 and does not

have an effect on the steady state sensor behavior.

6.2.4 Steady state sensor behavior

6.2.4.1 The effect of propane concentration

After maximizing the stable-output duration, the sensor sensitivity to propane (di-

luted with N2) is evaluated at the HMPs (VS = 0.67 V, Vp2 = 0.45 V, T=1009 K). The

sensor stable response at different propane concentrations has been studied to find

the sensor sensitivity to propane and to find the DRD operating region. The test re-

sults at five different propane concentrations are shown in Fig. 6.22. The steady state

sensor output magnitude, decreases with the propane concentration. This is due to
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Figure 6.21: The effect of presence of CO2 on the transient behavior of the sensing
cell current

the lower diffusion rate of propane through the sensor diffusion barrier and therefore

the lower oxidation rate of propane over the sensing electrode. This sensitivity of the

sensor output to propane can be used to measure propane concentration. However,

to develop an accurate and reliable sensor, the DRD operating region should first be

determined. This procedure is explained next.

6.2.4.2 Diffusion rate-determining (DRD) operating region

The HC sensing cell pumping current is proportional to the molar flux of propane

through the sensor diffusion barrier. According to Faraday’s law [110]:

Ip ∝ NC3H8 (6.19)
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Figure 6.22: The effect of propane concentration on the transient behavior of sensor
output current at propane concentration = 5000 ppm

where, NC3H8 is the molar flux of propane through the first diffusion barrier to the

HC sensing chamber.

Assuming negligible convection inside the cell and perfect dilution of propane in N2,

the molar flux of propane (NC3H8) can be estimated using Fick’s law [150]:

NC3H8 = −CtDC3H8AD1
xC3H8,sur − xC3H8,senc

LD1

(6.20)

Where, NC3H8 , Ct, xC3H8,sur and xC3H8,sur are the molar flux, total concentration and

the mole fraction of propane in the surrounding gas and inside the sensing chamber

respectively while AD1 is the diffusion barrier cross sectional area, LD1 is the diffusion

barrier length and DC3H8 is the diffusion coefficient of propane through the porous

diffusion.

For DRD operating condition, propane oxidizes with a higher rate than it diffuses
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into the sensing chamber. In this case, the molar fraction of propane decreases to

a very low value (xC3H8,senc ≈ 0). Therefore, based on Eqn. (6.19) and (6.20), the

sensor current output becomes linearly dependant on propane concentration in the

surrounding gas.

In order to define the DRD operating region and the corresponding sensor lin-

ear operation band, the sensor output current vs propane concentration is shown in

Fig. 6.23. The sensor output current magnitude increases linearly with propane con-

centration up to approximately 3200 ppm propane concentration as shown in Fig. 6.23.

The sensor output current then plateaus at propane concentrations higher than 3200

ppm. The sensor is working as DRD for propane concentration below 3200 ppm and

for higher propane concentration, the sensor operates at reaction rate determining

condition.
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Figure 6.23: The sensor output current vs propane concentration. VS= 0.67 V, T=
1009 K, VP2= 0.45 V
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6.2.5 Sensor response time

Sensor response time is used to capture the transient behavior of a system. A better

understanding of the sensor transient behavior is useful to determine appropriate

applications for the sensor.

A normalized variable is defined by dividing the transient sensing cell current

by the steady state cell current at the same propane concentration (IP1,diff ). The

transient behavior of the normalized sensing cell current is shown in Fig. 6.24. The

results show that the size of the propane step concentration does not have a significant

effect on the transient behavior with the response time as shown in Fig. 6.24.
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Figure 6.24: Transient behavior of the normalized sensor current at different propane
concentrations

The step-response characteristics of the sensor is studied considering all of the

normalized sensor outputs and the sensor response time (10% to 90%) was found to

be 38 seconds. Although this response time is shorter than many other amperometric

HC sensors [177, 178], it could be significantly reduced by modifying the sensing cell
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potential (VP1) controller since the long sensing cell potential settling time, shown in

Figures 6.16, 6.18 and 6.20, increases the sensor response time.

6.2.6 Summary of HC measurement

A production three-chamber limiting-current-type amperometric sensor is modified

to measure propane concentration in a rich environment. First, the sensor stability

is maximized for purpose of measurement by changing the sensor inputs including

the sensor temperature, the reference cell potential, and the stabilizing cell potential.

Stability is defined as the time it takes for IP2 to drop to 10% lower than its stable

response value. Then stability tests are carried out on a controlled sensor test rig at

a reaction rate determining operating condition with propane concentration of 5000

ppm (balanced with nitrogen). Based on the experiments, the sensor has a stability

of 530 seconds at sensor temperature of 1009 K, a reference cell potential of 0.67 V

and a stabilizing cell potential of 0.45 V. This condition is then fixed for subsequent

sensor operating condition. Further experimental testing shows that the presence of

CO2 does not have a significant effect on the sensor sensitivity to propane and the

sensor transient behavior.

To find the diffusion-rate-determined operating region, the linearity of sensor

steady state response vs propane concentration is experimentally studied at the sta-

ble operating condition. A linear sensitivity to propane concentration from 0 to 3200

ppm reveals the DRD operating region of the sensor.

To study the sensor transient behavior in DRD operating region, the sensor re-

sponse time is examined for step changes from zero propane concentration to several

propane concentrations. It is shown that the sensor response time is almost the same

for different size step changes of propane concentration and is approximately 38 sec-

onds. This response speed could be improved by modifying the sensing cell controller

and will be a subject of future work.
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6.3 The effect of operating parameters of an amperometric NOx-O2 sensor

on the sensor response - A potential way to remove cross-sensitivity

and emission measurement 3

Experimental results are combined with a physical understanding of the sensor to

study the effect on the sensor behavior of three main operating parameters of an

amperometric NOx-O2 sensor. The sensor response to NOx concentration is examined

over a range of: sensor operating temperatures, the reference cell potential, and the

cell potential in the second chamber. The results show that the sensor sensitivity

increases gradually with the sensing cell voltage while the sensor gradually increases

for cell voltages higher than 0.25 V. The results of this work provides a better

understanding of the sensor behavior at different operating conditions which can be

used to design new accurate sensors with different sensitivities to a variety of species

in the exhaust gas. This improved understanding of the sensor has the potential

to remove cross-sensitivity for emission measurements of gases containing NOx and

other species in the exhaust gas such as NH3 and unburned hydrocarbons.

The effect of main operating conditions of an amperometric NOx-O2 sensor on

sensor sensitivity to NOx and the linearity of the sensor response to NOx concentration

is studied. The results of this study, provide insight into which operating range of

an amperometric NOx-O2 sensor can be used to reduce or remove the sensor cross-

sensitivity to other exhaust gas species.

6.3.1 The role of electrochemical cell potential

A typical cell current vs cell voltage response of an amperometric sensor is shown

in Figure 5.4. When the cell voltage is lower than the open-circuit (zero-current)

potential, the reverse reaction (oxidation) takes place causing a negative cell current.

3This section is based on the paper titled: The effect of operating parameters of an amperometric
NOx -O2 sensor on the sensor response[53]
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When the cell voltage is above the open-circuit potential and less than the limiting

current voltage, the sensor output is a function of reduction rate of species on the

sensing electrode. This reduction rate is defined by the activation polarization and

the Ohmic effect. As the cell voltage increases further, the cell current finally reaches

a saturation level determined by the diffusion rate of reducible species (in this case,

O2 and NOx) into the chamber (region V of Figure 5.4). In region V the pumping

rate of (O2−) ions from the cell has reached its maximum level since all available

reducible molecules are being reduced on the sensing electrode as soon as they reach

the electrode surface.

A further increase in the cell voltage, decreases the partial pressure of the reduced

species (in this case, NO) according to the Nernst equation [95]. If the partial pres-

sure of the reduced species (NO) decreases too much, (< 10−33 atm), electrolyte

decomposition takes place [127] which causes a further increase in the cell current as

illustrated in region VI of Figure 5.4. This can potentially damage the sensor elec-

trolyte. The sensor electrochemical cells and internal wiring are shown in Figure 4.1

and described in details in [50].

6.3.2 The role of sensor temperature

At typical operation of an amperometric sensor, the sensing cell potential is high

enough so that the pumping current is equal to the limiting current determined by

diffusion of species through the barriers (region II). Therefore, for a typical sensor

cell potential, an increase in the sensor temperature will affect the sensor output, by

affecting the diffusive flow of species into the sensing chambers [54]. The normal multi-

component diffusion mechanism is found to be the dominant diffusion mechanism of

species through the amperometric NOx sensor diffusion barriers [50]. According to

the molecular diffusion mechanism, the diffusion coefficient, Dn, increases with the

sensor temperature as [54]:
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Dn ∝ T 1.75 (6.21)

Assuming that the sensor output current is limited by the diffusion rate, the sensor

output, IP , changes with temperature as [54]:

IP ∝ T 0.75 (6.22)

However, when diffusion is not the only rate determining factor for reduction of

species over the sensor electrodes, the sensor temperature will affect the sensor output

current in a more complex way as [51]:

IP = Aei
o
P

(
x

xo

)γ[
exp

(
αaF

R̄T
ηac

)
− exp

(
−αcF
R̄T

ηac

)]
(6.23)

where, Ae, i
o
P , x and xo are the sensing electrode area, the reference exchange

current density, the mole fraction of reduced species inside the chamber and the

reference mole fraction of the reduced species in the sensing chamber respectively,

while αa and αc are the charge transfer coefficient of anode and cathode respectively.

The overpotential ηac is defined as ηac = VP − EOC , where VP and EOC are the

potential and the open circuit (zero-current) potential of the sensing cell.

The O2 sensing cell potential, VP1, affects the mole fraction of NO inside the first

chamber, xNO,fc, as [51]:

VP1 = Eo
fc +

∆Sox−red,fc
2F

(T − To)−
R̄T

2F
ln

(
xNO,env
xNO,fc

)
︸ ︷︷ ︸

EN

−ηa (6.24)

where, ∆Sox−red is the change in entropy of products− reactants at the operating

temperature (the index sc stands for the second chamber) and Eo
fc is the open-circuit

potential at the standard state (1 atm; 298.15 K) while xNO,env and xNO,fc are the
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molar fraction of NO in the sample gas and in the first chamber respectively.

On the other hand, the NOx sensing cell potential, VP2, affects the mole fraction

of NO inside the second chamber, xNO,sc, as follows [51]:

VP2 = Eo
sc +

∆Sox−red,sc
2F

(T − To)−
R̄T

2F
ln(

x0.5
O2,rc

x0.5
N2,rc

xNO,sc
)︸ ︷︷ ︸

EN

−ηΩ − ηac (6.25)

where, xO2,rc, xN2,rc and xNO,sc are the mole fraction of O2 in the reference cham-

ber, the mole fraction of N2 in the reference chamber, and the mole fraction of NO

in the second chamber respectively.

6.3.3 Experimental setup

The gas mixture test rig, Spark Ignition (SI), Diesel engine, amperometric NOx-

O2sensor and the FTIR system described in chapter 3 were used to carry out the

experiments.

6.3.4 Results and discussion

To investigate the effect of sensor temperature on sensor sensitivity and the sensor

linearity to NOx, the sensor response is measured at three sensor temperatures and

four diesel engine operating conditions. The NOx concentrations are listed in Table 6.4

as well as the concentration of other species in the exhaust gas measured by the FTIR

emission measurement system. The results for H2O, CO2 and CO from the FTIR are

also listed in Table 6.4. The sensor temperatures selected for this study are close to the

typical design sensor operating temperature (1023 K) and are controlled by a built in

heater located between the sensor ceramic layers. Decreasing the sensor temperature

to lower than the sensor design temperature, reduces the diffusion coefficient of NO
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through the sensor diffusion barriers according to Eqn. (6.21). The typical sensing

cell potential (VP1 ≈ 0.4 V) is high enough so that NO is partly reduced in the

first chamber [51]. Thus reducing the sensor temperature reduces the reduction rate

of NO inside the first chamber according to Eqn. (6.24) which increases the molar

fraction of NO inside the first chamber causing an increase in the molar flow rate of

NO, according to Fick’s law [150], to the second chamber.

Table 6.4: Engine operating conditions and NOx concentration in the exhaust gas.
* Water condensation inside the sample lines may have affected the concentration of
water measured by the FTIR.** The stoichimetric air/fuel ratio is changed to change
the level of NOx emission in the SI engine

Engine Eng. speed [rpm] BMEP [bar] NOx[ppm] CO2 [%] H2O∗ [%] CO [ppm]
SI∗∗ 2000 6.7 470 - 1750 - - -
Diesel 2500 1.1 103 2.82 3.12 2.82
Diesel 2000 3.8 175 4.00 3.21 154
Diesel 1500 7.6 368 6.50 3.24 177

Increasing the sensor temperature increases the diffusion rate of NO through the

sensor barriers and reduction rate of NO in the first chamber. At a sensor temperature

of 1080 K, the effect of temperature increase on NO reduction in the first chamber

outweighs its effect on the diffusion rate. As a result, less NO is delivered to the

NOx sensing chamber which consequently reduces the pumping current of NO in

the NOx sensing chamber as shown in Figure 6.25 and Table 6.5. The linearity of

sensor response is also reduced at the high sensor temperature (1080 K) as depicted in

Table 6.5. When sensor linearity is assumed, this adversely affects the sensor accuracy

particularly at high NOx concentrations.

Table 6.5: Linearity of IP2 vs NOx as a function of sensor temperature - from Fig-
ure 6.25

Case Sensor temperature [K] R2 Slope [µA/ppm]
1 1010 0.9998 0.002531
2 1023 0.9999 0.002493
3 1080 0.98751 0.001918
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Figure 6.25: The effect of sensor temperature on sensor output IP2 as a function of
NOx by examining the sensor sensitivity (slope) and linearity

6.3.4.1 The effect of reference cell potential

The reference cell potential, VS, represents the partial pressure (and therefore molar

fraction) of O2 inside the O2 sensing chamber. A closed loop controller maintains

the reference cell potential at the set point value by adjusting the potential of the

O2 sensing cell, VP1. The mole fraction of O2 inside the O2 sensing chamber decreases

by increasing the reference cell potential, according to Eqn. (6.23). Therefore, by

reducing the set point value of the reference cell potential, the O2 concentration

increases in the first chamber. Four values of VS are selected as listed in Table 6.6.

This can lead to an offset in the pumping current of the NOx sensing chamber,

particularly at low NOx concentrations as shown in Figure 6.26. Apart from the

effect of reference cell potential on the NOx sensor response, it also affects the sensor

cross-sensitivity to O2. The presence of O2 in the sample gas has a more significant

effect on the sensor response slope at VS = 0.42 V than VS = 0.35 V as shown in

Figure 6.26 and Table 6.6, which reveals that the NOx sensor response has a higher

cross-sensitivity to O2 at VS = 0.42 V. This effect is mainly due to the difference
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between the corresponding O2 sensing cell potential, Vp1, as illustrated in Figure 6.27

with the cases described in Table 6.6.
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Figure 6.26: The effect of reference potential (VS) resulting in the presence of O2 on
sensor output IP2 as a function of NOx by examining the sensor sensitivity (slope)
and sensor linearity. Cases are explained in Table 6.6.

Table 6.6: Reference cell voltage and linear fit characteristics of the cases shown in
Figure 6.26.

Case Reference cell potential [V] Presence of O2? R2 Slope [µA/ppm]
I 0.35 YES 0.99986 0.002152
II 0.35 NO 0.99752 0.002012
III 0.42 YES 0.99999 0.002491
IV 0.42 NO 0.99786 0.002223

6.3.4.2 The effect of second (NOx sensing) cell potential

The most important factor that affects an amperometric NOx sensor performance is

the potential of the NOx sensing cell, VP2 [51]. To better understand the effect of

NOx sensing cell potential on the sensor sensitivity to NOx, the slope of the sen-

sor output vs NOx concentration is calculated at different cell potentials and the
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Figure 6.27: The effect of reference potential and presence of O2 on the O2 sensing
chamber. Cases are explained in Table 6.6.

experimental results are shown in Figure 6.28 along with the corresponding linear

regression plot at each NOx sensing cell potential. The details of each case indicated

in Figure 6.28 are listed in Table 6.7.

Table 6.7: NOx sensing cell potential and linear fit characteristics of the cases shown
in Figure 6.28.

Case NOx sensing cell potential [V] R2 Slope [µA/ppm]
1 0.138 0.0467 -2.453e-5
2 0.170 0.7268 1.481e-4
3 0.189 0.9218 2.204e-4
4 0.199 0.9773 2.411e-4
5 0.250 0.9946 5.981e-4
6 0.343 0.9986 1.008e-3
7 0.447 0.9999 1.198e-3

The sensitivity of the sensor output to NOx generally increases with the NOx sens-

ing cell voltage (VP2) since the reduction rate of NO increases with increasing the

NOx sensing cell potential, according to Eqn. (6.25). Therefore, the mole fraction

of NO inside the NOx sensing chamber decreases according to Eqn. (6.25) which

causes an increase in the pumping current. The linearity of the sensor output vs



121

0 200 400 600 800 1000 1200 1400 1600 1800
NOx [ppm] 

-2

-1

0

1

2

3

4

5

6

I P
2 [

 A
]

Case 1, experiment
Case 1, linear regression
Case 2, experiment
Case 2, linear regression
Case 3, experiment
Case 3, linear regression
Case 4, experiment
Case 4, linear regression
Case 5, experiment
Case 5, linear regression
Case 6, experiment
Case 6, linear regression
Case 7, experiment
Case 7, linear regression

Figure 6.28: Ip2 vs NOx concentration at different NOx sensing cell voltages - from
VP2= 0.138 V to VP2= 0.447 V (see Table 6.7)

NOx concentration also increases with the cell voltage. This trend is also shown in

Figure 6.29. The most interesting point that can be concluded from the results shown

in Figure 6.29, is the different effect of the NOx sensing cell potential on the sensor

response linearity (linear regression R2) and the sensor sensitivity to NOx concen-

tration (linear regression slope). The sensor sensitivity increases gradually with the

cell potential while the linearity of the sensor dramatically increases at sensor po-

tential ≈ 0.25 V and remains higher than 0.995 for VP2 > 0.25 V . In other words,

although the sensor sensitivity to NOx gradually increases with the cell potential for

cell potentials higher than 0.25 V, the sensor output is almost linear at any points

within this range. This behavior can be used to design accurate sensors with different

sensitivities to other species such as NH3 and unburned hydrocarbons as it provides

an insight into the sensor sensitivity and operating range. The sensor operating pa-

rameters can significantly affect the sensor sensitivity to a specie, as shown in this

work. The best sensor performance is achieved when the sensor sensitivity to a de-
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Figure 6.29: The effect of NOx sensing cell voltage on sensitivity and linearity of the
NOx sensor

sired specie is sufficient and the sensor response vs concentration of desired specie

is linear. Simultaneously, the sensor cross sensitivity to the other species should be

minimized or at least be predictable. The results of this work provide an insight into

the operating region of an amperometric NOx sensor with sufficient sensitivity and

linearity to NOx.

6.3.5 Summary of the effect of sensor operating parameters

The effect of sensor operating temperatures, the reference cell potential and the

NOx sensing cell potential on an amperometric NOx-O2 sensor response linearity and

the sensor sensitivity to NOx were experimentally examined. The effect of these three

main operating parameters of the sensor were understood based on a phenomenolog-

ical model. The experimental results show that:

• The sensor sensitivity to NOx decreases by increasing the sensor temperature by
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increasing the reduction rate of NOx inside the O2 sensing chamber. Increasing

the sensor temperature to more than the sensor design temperature (1023 K),

reduces the sensor response linearity to NOx concentration.

• Reducing the reference cell potential from the typical cell potential (0.42 V)

increases the NOx sensor response offset at low NOx concentrations but also re-

duces the sensor cross-sensitivity to O2 particularly at high NOx concentrations

(>600 [ppm]).

• The sensor sensitivity gradually increases as the NOx sensing cell potential in-

creases while the sensor output becomes almost linearly dependent on NOx con-

centration for cell potentials higher than ≈ 0.25 V.

This improved understanding of the sensor has the potential to remove cross-

sensitivity for emission measurements of gases containing NOx and other species in

the exhaust gas such as unburned hydrocarbons and NH3 by providing an insight into

the sensor sensitivity and operating range.
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Chapter 7

Sensor On-Board Diagnostics (OBD)

This chapter presents a physics-based On-Board Diagnostics strategy based on a sensor

temperature perturbation method. This strategy also includes a sensor self-calibration

procedure that can be used to remove the effect of sensor aging on sensor calibration.

The other part of this chapter includes details of a Multiple Input Multiple Output

(MIMO) control oriented engine model developed to estimate NOxconcentration and

engine normalized torque. The model can be used in engine closed-loop control.

7.1 Motivation

According to the emission regulations [29, 30], any fault in any emission-relevant

device must be detected and reported through on-board diagnostics (OBD) [31]. The

first OBD standard was passed as a law in 1970 by US congress to reduce the adverse

effect of vehicular emissions on environment [32]. In 1996, an updated standard

(OBD II) was introduced. OBD II standard mandates monitoring of any electronic

powertrain system or component that provides input to, or receives commands from

the electronic control unit (ECU) [31].

Exhaust gas sensors are used upstream and/or downstream of after-treatment

systems to monitor their efficiency and performance [32, 40, 41]. To meet increasingly

stringent emission standards, the accuracy of the emission sensors also needs to be
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increased [42–46]. This requires reliable on-board diagnostics of emission sensors in

addition to the other aftertreatment components. Reliable physics-based diagnostics

strategies which require understanding of the sensor performance are needed.

7.2 NOx sensor OBD using a phenomenological sensor model 1

A phenomenological sensor model is developed and then employed to detect the po-

tential faults that can occur to an amperometric NOx sensor. As discussed in the

previous sections, the diffusion of exhaust gas species through the sensor diffusion

barriers and the electrode reactions inside the sensor chambers are the main pro-

cesses that affect the sensor outputs [108, 109]. As explained in chapter 4, at the

sensor operating condition, the diffusion of species through the barriers into the sen-

sor chambers is the rate determining step since the diffusive flow is much slower than

the sensor reaction dynamics [110]. As shown in chapter 4, the diffusion of species

through the sensor barriers and the electrode reactions of species both depend on the

sensor temperature [50, 185]. The dominant diffusion mechanism of the diffusive flow

inside the sensor is multi component molecular diffusion [50].

In this section a physics-based model was developed and employed to predict the

sensor output to oxygen as a function of sensor temperature and oxygen concentration

which is used for sensor OBD and re-calibration. The sensor output is predicted

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

1This section is partly based on the following paper: M. Aliramezani, C.R. Koch, and R. Patrick.
Phenomenological model of a solid electrolyte NOx and O2 sensor using temperature perturbation
for on-board diagnostics. Solid State Ionics, 321:62 68, 2018 [54]
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relative humidity measurement.

7.2.1 Sensor output as a function of temperature and O2 concentration

Combining Eqn. (5.9) and Eqn. (4.4), using ideal gas law and assuming all oxygen

is immediately pumped out from the first chamber (xO2|1st chamber ≈ 0), results in:

Ip1 ∝ T 0.75 and Ip1 ∝ xO2 . Where, xO2 is mole fraction of O2 in the surrounding gas.

Therefore:

Ip1(T, xO2) =

K︷ ︸︸ ︷
k × T 0.75×xO2 (7.1)

in which, k is a constant and K is the slope of the linear function of IP1 versus

xO2 . At a constant O2 concentration (xO2,0, reference concentration), if the sensor

temperature changes from T1 to T2, the current ratio Ip1(T2)

Ip1(T1)
is:

Ip1(T2, xO2,0)

Ip1(T1, xO2,0)
=
k × T 0.75

2 × xO2,0

k × T 0.75
1 × xO2,0

=

(
T2

T1

)0.75

The change in pumping current, IP1 between condition two (at T2) and condition

one (at T1) is:

∆IP1|xO2,0
= Ip1(T2, xO2,0)− Ip1(T1, xO2,0) = k × T 0.75

2 × xO2,0 − k × T 0.75
1 × xO2,0

= k × xO2,0 × T 0.75
1 × [(

T2

T1
)0.75 − 1)]

with

k =
∆IP1|xO2,0

xO2,0T
0.75
1 [(T2

T1
)0.75 − 1]



127

and

K =
∆IP1|xO2,0

xO2,0T
0.75
1 [(T2

T1
)0.75 − 1]

× T 0.75 (7.2)

where, xO2,0 is the reference O2 concentration and ∆IP1|xO2,0
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 [50]. This, according to Eqn. (7.1), results in IP1 being linearly

dependant to changes in xO2 . The slope of the linear IP1 function vs xO2 (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 Figure

7.1. 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 aging when necessary. In addition, the

methodology will be used to develop a sensor diagnostics strategy.

7.2.2 Experiments

The experiments were carried out using a production ECM NOx sensor (P/N: 06-

05) and the corresponding control module (described in chapter 3) connected to a

computer via Kvaser Light HS CAN interface. The sensor was located in the exhaust

pipe (0.30 m upstream of the diesel oxidation catalyst) of a 4 cylinder medium duty
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Figure 7.1: IP1 vs O2 linear function calibration using temperature perturbation

diesel engine (Cummins QSB 4.5 160 - Tier 3). All the tests were carried out at

engine-off (known O2 concentration).

The sensor control module 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. A heat transfer model developed in [50] was used to define sensor

temperature as a function of Rpvs as:

T = c1(Rpvs)
c2 (7.3)

where for this sensor c1 = 1396, c2 = −0.0559 are determined using a nonlinear least

squares fit [186] with a squared correlation coefficient of R2=0.991.

To calculate sensor temperature from Rpvs during the steady state and transient

tests, Eqn. (7.3) was used. The sensor temperature calculated by a heat transfer model

[50] is compared to the correlation in Eqn. (7.3) versus Rpvs, shown in Figure 7.2(a),

with the residuals shown in Figure 7.2(b).

A temperature perturbation test around the sensor normal operation temperature

was performed to evaluate the model accuracy for the rising and falling temperature
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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=1023K using Eqn. (7.1). The tran-

sient and steady state results of the perturbation test are shown in Figure 7.3 which

shows a comparison of desired temperature versus the sensor temperature calculated

from Eqn. (7.3). In addition, a comparison of model current Ip1, Eqn. (7.1), versus

experiment for step changes in set point temperature is also shown in Figure 7.3.

The model is capable of accurately simulating the effect of temperature pertur-

bation on the sensor output in steady state and transient condition as shown in

Figure 7.3. The overshoot and undershoot in sensor output shown in Figure 7.3 are

caused by the overshoot and undershoot of sensor temperature control as shown in

Figure 7.3. 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
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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 not

unexpected.

For T1= 1010 K and xO2,0= 20.7 %, ∆IP1|xO2,0
= +0.105 (mA) for ∆T = +45K

and therefore the parameter K in Eqn. (7.2) is 0.1543. This point was then used as the

reference point to evaluate the effect sensor reference temperature and temperature

step size on ∆IP1. This is shown in Figure 7.4 where increasing reference sensor

temperature (T1) decreases ∆IP1 for a fixed ∆T . In other words, the slope of ∆IP1

vs. ∆T decreases as the sensor temperature increases. Steady state experiment results

are the constant values in Figure 7.3.
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7.2.3 Sensor diagnostics and self-calibration

First, to check for a valid sensor output, the engine-off condition was taken as the

reference point2. 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 [188]. 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) [188]:

pa = pa,dry + pv (7.4)

This shows the partial pressure of species in humid air is less than dry air due to the

2Engine fuel cut-off condition that takes place during long downhill gradients [187], can also be
used as the reference point.
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partial pressure of water vapor. Therefore, O2 mole fraction in air is [189]:

xO2(%) = xO2,dry(%)− ch(T )×RH (7.5)

where, xO2,dry is O2 mole fraction in dry air (≈ 20.9%) and is a weak function of

environment temperature [188]. The relative humidity is RH and ch(T ) is the tem-

perature correction factor that increases with temperature [189]. 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 60oC and 101 kPa, the minimum possible value of O2 % is 16.8 % ac-

cording to [188]. The maximum possible O2 % is for dry air and is considered to be

20.9 % [188]. 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 the sensor is not working properly and needs

to be recalibrated or perhaps even replaced. This is a binary plausibility diagnostic:

“working properly” | “problem”.

A more complex diagnostic is to evaluate the sensor performance. Eqn. (7.1)

is used to estimate ∆IP1 for a given ∆T (∆IP1(model)). The sensor accuracy and

plausibility are evaluated by comparing the ∆IP1(model) and ∆IP1(test). The test

error, et, is:

et = ∆IP1(test) −∆IP1(model) (7.6)

This is schematically shown in Figure 7.5.

Now, a variety of diagnostic tests including a model based methods can be used

[190–194] but these are not the subject of this chapter. A high value of et means
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Figure 7.5: Error calculation for temperature perturbation test

either the sensor diffusion barrier is damaged or the sensor temperature controller

is not working properly. For instance, according to Eqn. (7.1), for xO2,dry= 20.7

% and T0=976 K, a 100oC deviation between the actual ∆T and the required ∆T ,

causes a 0.29 mA increase in et and 2 % error in oxygen measurement assuming the

sensor barrier is working properly. A damaged 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 also increases 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 Eqn. (7.5). The proposed sensor

diagnostics and recalibration strategy are shown in Figure 7.6.

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 ∆IP1 from the model and the actual ∆IP1 from the test result. A simple
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Figure 7.6: Sensor diagnosis schematic (Engine off condition)
* Acceptable output range for xO2

is between 16.8 % and 20.9 %

diagnostic is to see if et is more than et MAX . If it is, a recalibration loop takes place to

check if the error can be removed by sensor recalibration. Measuring relative humidity

by an external measurement system, increases the reliability of sensor calibration. 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) on an unknown error.

The diagnostics strategy that has been developed, monitors the first diffusion

barrier and O2 sensing cell of a NOx sensor 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 is

not monitored with this diagnostics strategy and therefore it does not provide an
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absolute confirmation for NOx output validity. This diagnostics is a necessary but

not sufficient requirement for proper NOx sensor operation. 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 future.

Table 7.1: Interpretation of the diagnostics test result

Diagnostics result Is O2 output reliable? Is NOx output reliable?
Not passed NO NO
Passed YES More likely/ Not certainly

7.2.4 Summary of the phenomenological model implementation for OBD

An on-board diagnostics strategy was developed using a physics-based model of an

amperometric NOx-O2 sensor. The model predicts the sensor O2 output as a function

of sensor temperature and oxygen concentration based on multi component molecular

diffusion mechanism of exhaust gas species through the sensor. A temperature per-

turbation 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 temper-

ature 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.
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7.3 A control oriented diesel engine NOx emission model for on board

diagnostics and engine control with sensor feedback 3

Fast and accurate emission measurement facilitates improving engine performance

and reducing engine emissions by providing real-time feedback for use in engine closed-

loop control. Solid-state electrochemical gas sensors have many remarkable properties

that make them ideal for real-time engine emission measurement [50]. The reliability,

small size, fast response and low price of solid-state electrochemical sensors make

them ideal for engine emission measurement [33, 90]. An electrochemical fast response

NOx sensor is used to measure NOx concentration in the exhaust gas.

Based on experimental data, a Multi-Input Multi-Output (MIMO) control ori-

ented diesel engine model is developed to predict engine NOx emission and brake

mean effective pressure (BMEP). The experimental tests were carried out on a 4.5L

medium duty diesel engine at different engine operating conditions with engine speed

between 1000 rpm to 2500 rpm and normalized engine output, BMEP, between 1.9

[bar] and 17.4 [bar]. The engine NOx emission is measured with a fast response

electrochemical NOx sensor.

A steady state diesel engine NOx emission and BMEP model is first developed

based on the experimental data carried out on a medium duty diesel engine. The

steady state engine NOx is modeled as a function of the engine speed, the amount of

injected fuel and the injection rail pressure. The BMEP is assumed to be a function

of the injected fuel and engine speed. Then, a control oriented model is developed by

adding low-pass filters to the static NOx and BMEP models. The engine response to

step changes of injection pressure and injected fuel amount is then examined.

3 This section is based on the following paper: M. Aliramezani, A. Norouzi, C.R. Koch and R.E.
Hayes. A control oriented diesel engine NOx emission model for on board diagnostics and engine
control with sensor feedback. Proceedings of Combustion Institute - Canadian Section. Spring 2019
[55].
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7.3.1 Experimental setup

To study the engine NOx emission at different engine operating conditions, an elec-

trochemical NOx sensor was mounted in the exhaust pipe of a four cylinder medium

duty Tier III diesel engine (Cummins QSB4.5 160 - Tier 3/Stage IIIA). The engine

and sensor characteristics are listed in chapter 3.

The Cummins Engine Control Unit (ECU) controls the Diesel engine by reading

all the stock sensors mounted on the production Cummins engine including the intake

manifold temperature, intake manifold pressure, injection rail pressure, coolant tem-

perature, and controlling all of the engine main actuators and operating parameters,

including the injection timing(s), turbocharge boost pressure, injection amount, etc.

To read the engine main variables and operating parameters, the ECU is connected

to a computer using J1939 connector and a hardware interface (INLINE 6).

The NOx sensor used in the experiments was a production ECM NOx sensor (P/N:

06-05). The sensor output for NOx was measured and logged using the corresponding

control module (ECM-NOxCANt P/N: 02-07) connected to a computer via Kvaser

Light HS CAN interface. More information about the experimental setup is available

in chapter 3. The engine is tested at 14 steady state operating conditions listed in

Table 7.2.

7.3.2 Control Oriented Model

The BMEP and engine-out NOx emission are considered the main outputs of the

control oriented model. The steady state experimental data is used to develop the

steady state NOx and BMEP model. For simplification, the dynamics NOx and

BMEP models are obtained by adding a first order low pass filter to the steady state

models.
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7.3.2.1 Steady state NOx emission model

The NOx emissions of a diesel engine are a strong function of the local in-cylinder

temperature and local oxygen concentration [195, 196]. Based on the available exper-

imental data of the engine operating parameters that have a direct effect on engine

NOx emission [197], the following polynomial equation is found for the steady-state

engine NOx emission the steady-state engine NOx emission:

NOx,ss = ao + a1mfi + a2mf
2
i + a3mf

3
i + a4Pr + a5P

2
r + a6n+ a7n

2 (7.7)

where, NOx,ss is the steady state NOx concentration [ppm], mfi is the injected

fuel [mg/stroke], Pr is the injection rail pressure [bar] and n is the engine speed

[rpm]. Parameters ao to a8 are found through fitting to experimental data using a

trust-region algorithm [165] with squared correlation coefficient (R2) of 0.989. The

experiments were carried out at 14 engine operating conditions (listed in Table 7.2)

with the engine speed of 1000 to 2500 rpm and output torque of 50 to 450 ft.lb. The

sensor cross-sensitivity to other exhaust gas species (including H2O) is neglected in

the model. Parameters ao to a8 are listed in Table 7.3. The predicted vs experimental

NOx concentration is shown in Fig. 7.7.

7.3.2.2 Steady state BMEP model

A simple model is also developed for the steady state BMEP. The BMEP is assumed

to be a function of the injected fuel [mg/stroke] and the engine speed [rpm] [198], as

follows:

BMEPss = boN
b1mf b2i (7.8)
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Figure 7.7: Predicted vs Experimental NOx concentration at steady state

where, BMEPss is the steady state BMEP. Parameters bo to b2 are found through

fitting to experimental data using a trust-region algorithm with squared correlation

coefficient (R2) of 0.9914. The model parameters are listed in Table 7.4. The predicted

vs experimental BMEP is shown in Fig. 7.8.
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Figure 7.8: Predicted vs Experimental BMEP at steady state

7.3.2.3 Dynamic models

The effect of engine dynamics on the transient NOx and BMEP are approximated by

two separate first order lags as follows:
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NOx,t(s) =
1

τNOxs+ 1
NOx,ss(s) (7.9)

BMEP (s) =
1

τBMEP s+ 1
BMEPss(s) (7.10)

where, NOx,t(s) and BMEP (s) are the transient NOx emission and BMEP re-

spectively while NOx,ss(s) and BMEPss(s) are the steady state NOx and BMEP

respectively, all in Laplace domain. The first order lag time constant for NOx, τNOx,

is larger than the time constant for the BMEP τBMEP due to the lag associated with

the flow of the exhaust gas through the engine exhaust manifold and exhaust pipe

[199] and the lag associated with diffusion of species through the NOx sensor. The

time constant parameters for NOx and BMEP are estimated based on the experimen-

tal data and are found to be 1 seconds and 0.2 seconds respectively [199].

7.3.2.4 Control oriented model

To derive the discrete control oriented model, first the first order lags are written in

discrete form. For a sampling interval of ht, the NOx concentration at step k+1 is

calculated as follows:

NOx(k + 1) = (1− ht
τNOx + ht

)NOx(k) +
ht

τNOx + ht
NOx,ss(k + 1) (7.11)

and the BMEP at step k+1 is calculated using the following equation:

BMEP (k+1) = (1− ht
τBMEP + ht

)BMEP (k)+
ht

τBMEP + ht
BMEPss(k+1) (7.12)
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where NOx,ss(k + 1) and BMEPss(k + 1) are the steady state NOx and output

BMEP calculated using Eqn. (7.7) and Eqn. (7.8) respectively.

The model inputs, states, parameters and outputs are formulated as vectors. The

vector x contains two model states:

x(k) =

[
NOx(k) τ(k)

]
(7.13)

The vector u contains three model inputs:

u(k) =

[
n(k) mf (k) Pr(k)

]
(7.14)

The vector ζ contains 14 model parameters:

ζ =

[
T τNOx τBMEP ao a1 a2 a3 a4 a5 a6 a7 bo b1 b2

]
(7.15)

The vector y contains two model outputs:

y(k) =

[
x1(k) x2(k)

]
(7.16)

The control oriented model states result from combining Eqn. (7.7 to 7.8) with

Eqn. (7.11 to 7.15) and is:

x1(k + 1) =

(
1− ζ1

ζ2 + ζ1

)
x1(k) +

ζ1

ζ2 + ζ1

(
ζ4 + ζ5u2(k) + ζ6

[
u2(k)

]2

+

ζ7

[
u2(k)

]3

+ ζ8u3(k) + ζ9

[
u3(k)

]2

+ ζ10u1(k) + ζ11

[
u1(k)

]2
) (7.17)

x2(k + 1) =

(
1− ζ1

ζ3 + ζ1

)
x2(k) +

ζ1

ζ3 + ζ1

ζ12

([
u1(k)

]ζ13[
u2(k)

]ζ14)
(7.18)
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7.3.3 Results and discussion

To evaluate the effect of transient inputs on the model outputs, the model response to

step changes in fuel rail pressure and injection amount are simulated and compared to

the measured experimental results in Fig. 7.9. The control oriented model transient

response matches the experiments with maximum error of 18.1 % for NOx and 10.3

% for BMEP. The engine speed is kept constant (1500 rpm) for the simulations.

The engine NOx emission and BMEP both increase as the amount of injected fuel

increases. By increasing the injection amount, the overall in-cylinder heat release

increases which will increase the indicated engine power and therefore the BMEP at

a constant engine speed. This also increases the maximum in-cylinder temperature

and consequently increases the NOx production. On the other hand, the engine

NOx emission decreases by decreasing the injected fuel rail pressure as shown in

Fig. 7.9. Reducing the injection rail pressure can reduce the the heat release rate

and consequently reduces the maximum in-cylinder temperature [200], and therefore

reduces the NOx production rate [201]. This effect may vary at different engine

operating conditions and injection timings including multiple injections, which are

not captured by the control oriented model proposed.

7.3.4 Conclusions

A MIMO control oriented diesel engine NOx emission and output BMEP model is de-

veloped based on the experimental data carried out on a on a 4.5L medium duty diesel

engine. The engine NOx emission is measured with a fast response electrochemical

NOx sensor at different engine operating conditions with engine speed between 1000

rpm to 2500 rpm and BMEP between 1.9 bar and 17.4 bar. The injected fuel amount,

the injection rail pressure and the engine speed are considered as the model inputs.

The model transient response to step changes of injection pressure and injected fuel
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Figure 7.9: NOx and BMEP transient response of the engine control oriented model
compared to measurement for input of injected fuel amount and rail pressure and
measured NOx and BMEP. Engine speed = 1500 rpm

amount is also studied and the model accuracy is compared to the experimental en-

gine transient response. The control oriented model transient response matches the

experiments with maximum error of 16 % for NOx and 7.9 % for BMEP.

The control oriented model is suitable for on board diagnostics and engine control

with a fast-response NOx sensor feedback [202].
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Table 7.3: Steady state NOx model parameters

a0 a1 a2 a3

708.498 19.41075 - 1.627061 0.08590996

a4 a5 a6 a7

3.8838 -0.0735 - 1.925 × 10−6 1.413 × 10−3

Table 7.4: Steady state BMEP model parameters

b0 b1 b2

0.1755 -0.1982 1.277
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Chapter 8

Conclusions

Conclusions for experimental and modeling results are presented in this chapter.

8.1 Sensor model summary (Chapters 4 and 5)

Molecular diffusion was found to be the dominant diffusion mechanism of a produc-

tion amperometric NOx sensor. The sensor temperature was changed using a sensor

control module to evaluate the effect of temperature on sensor outputs which was

proportional to the diffusive flux of species through the barriers. The sensor dimen-

sions were obtained from x-ray images of the internal parts (chambers and barriers)

and were used in the model.

Knudsen diffusion mechanism, multi component molecular diffusion mechanism

and mixture averaged method (molecular and Knudsen diffusion) were evaluated by

varying the sensor temperatures and comparing the model output to the experiments.

A sensor model is developed based on the molecular diffusion to calculate the sensor

outputs for O2 and NOx concentrations corresponding to engine off and three engine

operating conditions. The sensor model output closely matches the experiments at

different engine operating conditions and different concentration of species in the

exhaust gas with maximum error of 0.79% for oxygen measurement output (IP1) and

maximum error of 4.85% for NOx measurement output (IP2). The developed sensor
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model can be used to reduce the effect of manufacturing deviations on the sensor

output signals and the measurement error without re-calibrating the sensor. The

diffusion model is an essential element of the sensor model and will be used in the

future to develop more complex sensor models incorporating electrode reactions and

electrochemical models.

The full range of the sensing cell current-voltage curve of an amperometric

NOx sensor was experimentally studied and then simulated. First, diffusion of the

sample gas species through the sensor porous diffusion barriers and sensor chambers

were modeled. Then, the diffusion model was coupled to an electrochemical model to

predict the current-voltage curve of the NOx sensing cell. The ohmic loss, activation

loss and concentration loss have been included in the electrochemical submodel. To

validate the sensor model at different operating conditions, the sensor was installed

on the exhaust pipe of a medium duty 4.5 L Diesel engine, a 3 L port injection spark

ignition engine and a sensor test-rig that provides fully controlled gas mixtures. Ex-

periments were carried out at different engine operating conditions to provide a wide

range of NOx concentrations for NOx sensor model validation. The sensor model

consists of 4 non-linear equations with 3 inputs, 23 parameters and 3 constants. The

NOx sensing cell voltage was changed from the open-circuit cell voltage, which corre-

sponds to zero current density, to 0.45 V that corresponds to the limiting current of

the NOx sensing cell.

It is shown that NO partially reduces in the first chamber which affects the

NOx sensing cell open-circuit potentials. The experimental open-circuit potential

at different concentrations were defined and then implemented in the model to simu-

late NO reduction in the first chamber at IP2 = 0. The model results for the limiting

current and the pumping current of the NOx sensing cell closely match the exper-

iments for a wide range of cell voltages and different engine operating points with

different NOx concentrations up to more than 2800 ppm.
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8.2 Cross sensitivity analysis summary (Chapter 6)

8.2.1 Cross sensitivity to ammonia

Ammonia cross sensitivity of a production NOx sensor is modeled for slow transients.

The most effective factors on cross sensitivity were evaluated to get the best accuracy

against the experiments. The model is validated for large amounts of ammonia slip.

A dynamic production NOx sensor model is then developed to remove ammonia

cross sensitivity and to decompose the NOx sensor output signal. A basic model is

derived for the cross sensitivity factor based on the experiment data as a function of

exhaust gas temperature. The model is then improved for transients by considering

a correction factor as a function of normalized ammonia slip rate (NASR). A three-

state nonlinear control oriented SCR model is also developed and used to predict

the NH3 concentration downstream of the SCR. The SCR model and the sensor

model are finally coupled and NOx concentration is estimated using the NOx sensor

signal decomposition. The validation results confirms that the model is capable to

accurately estimate the actual NOx concentration based on the NH3 concentration

upstream of the SCR and the NOx sensor output signal. This model can be used for

future engine emission control strategies such as SCR control.

8.2.2 Sensitivity to hydrocarbons

A three-chamber limiting-current-type amperometric HC sensor is used and parame-

terized to measure propane concentration. First, the sensor stability is optimized by

changing the sensor operating parameters including the sensor temperature, the ref-

erence cell potential, and the stabilizing cell potential. The stability tests are carried

out on a controlled sensor test rig at a reaction rate determining operating condition

with propane concentration of 5000 ppm (balanced with nitrogen). Based on the

experiments, the sensor has the most stable performance at sensor temperature of
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1009 K, the reference cell potential of 0.67 V and the stabilizing cell potential of 0.45

V. It is shown that the presence of CO2 does not have a significant effect on the sensor

sensitivity to propane and the sensor transient behavior.

To find the diffusion-rate-determined operating region, the linearity of sensor

steady state response vs propane concentration is experimentally studied at the op-

timum sensor operating conditions. The sensor is shown to have a linear sensitivity

to propane concentration from 0 to 3200 ppm which reveals the diffusion rate deter-

mining operating region of the sensor.

To study the sensor transient behavior in diffusion rate determining operating

region, the sensor response time is examined for step changes from zero propane

concentration to different propane concentrations. It is shown that the sensor re-

sponse time is almost the same for step changes of propane concentration from zero

to different concentrations and is equal to 38 seconds.

8.2.3 The effect of sensor inputs on sensor sensitivity to NOx

The effect of three main operating parameters of an amperometric NOx-O2 sensor on

the sensor behavior was experimentally studied and the results were justified with the

physical understanding of the sensor working principles. The effect of sensor operating

temperatures, the reference cell potential and the NOx sensing cell potential on the

sensor response linearity and the sensor sensitivity to NOx were examined. The

experimental results show that:

• The sensor sensitivity to NOx decreases by increasing the sensor temperature.

Increasing the sensor temperature to more than the sensor typical temperature

(1023 K), reduces the sensor response linearity to NOx concentration.

• Reducing the reference cell potential from the typical cell potential (0.42 V)

increases the NOx sensor response offset at low NOx concentrations but also re-
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duces the sensor cross-sensitivity to O2 particularly at high NOx concentrations

(>600 [ppm]).

• The sensor sensitivity increases gradually as the NOx sensing cell potential in-

creases while the sensor output becomes almost linearly dependent on NOx con-

centration for cell potentials higher than ≈ 0.25 V.

This improved understanding of the sensor has the potential to remove cross-

sensitivity for emission measurements of gases containing NOx and other species in

the exhaust gas such as unburned hydrocarbons and NH3.

8.3 On Board Diagnostics (OBD) summary (Chapter 7)

8.3.1 Sensor OBD

An on-board diagnostics strategy was developed using a physics-based model of an

amperometric NOx-O2 sensor. The model predicts the sensor O2 output as a function

of sensor temperature and oxygen concentration based on multi component molecular

diffusion mechanism of exhaust gas species through the sensor. A temperature per-

turbation 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 temper-

ature 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.
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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.

8.3.2 Control oriented engine NOx model

A MIMO control oriented diesel engine NOx emission and output BMEP model is de-

veloped based on the experimental data carried out on a on a 4.5L medium duty diesel

engine. The engine NOx emission is measured with a fast response electrochemical

NOx sensor at different engine operating conditions with engine speed between 1000

rpm to 2500 rpm and BMEP between 1.9 bar and 17.4 bar. The injected fuel amount,

the injection rail pressure and the engine speed are considered as the model inputs.

The model transient response to step changes of injection pressure and injected fuel

amount is also studied and the model accuracy is compared to the experimental en-

gine transient response. The control oriented model transient response matches the

experiments with maximum error of 16 % for NOx and 7.9 % for BMEP.

The control oriented model is suitable for on board diagnostics and engine control

with a fast-response NOx sensor feedback [202].
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B.1 Sensor heat transfer test results

Table B.1: Sensor temperature test results at Engine off

(RPV S) (Ω) IP1 (mA) Sensor heater power (W) Estimated temp. (K)
100 3.241 20.89 1085.8
110 3.232 20.287 1077.9
120 3.222 19.81 1071.5
130 3.215 19.361 1065.4
150 3.199 18.66 1055.6
170 3.184 18.099 1047.6
190 3.166 17.608 1040.4
210 3.151 17.201 1034.3
230 3.135 16.862 1029.2
252 3.123 16.469 1023.2
270 3.111 16.286 1020.3
290 3.1 15.978 1015.4
310 3.091 15.753 1011.8
330 3.084 15.542 1008.4
200 3.151 17.253 1035.1
220 3.135 16.886 1029.6
240 3.122 16.577 1024.8
260 3.111 16.281 1020.2
300 3.088 15.818 1012.9
340 3.076 15.396 1006.1
380 3.065 15.072 1000.7
460 3.059 14.552 992.0
504 3.055 14.313 987.9
540 3.052 14.116 984.5
580 3.041 14.032 983.0
620 3.043 13.779 978.5
660 3.038 13.624 975.8
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Table B.2: Sensor heat transfer test results at Diesel engine speed = 1500 rpm and
Engine output torque = 200 lb.ft

(RPV S) (Ω) IP1 (mA) Sensor heater power (W)
100 1.701 19.39
110 1.71 18.606
120 1.708 18.046
130 1.696 17.514
150 1.681 16.66
170 1.684 15.971
190 1.653 15.425
210 1.65 14.949
230 1.648 14.553
252 1.615 14.164
270 1.617 13.155
290 1.618 12.856
310 1.598 12.609
330 1.6 12.469
200 1.63 15.296
220 1.637 14.875
240 1.63 14.497
260 1.628 14.132
300 1.61 13.595
340 1.586 13.104
380 1.569 12.683
460 1.565 12.038
504 1.545 11.771
540 1.564 11.547
580 1.56 11.308
620 1.549 11.07
660 1.54 10.817
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Table B.3: Sensor heat transfer test results at Diesel engine speed = 2000 rpm and
Engine output torque = 100 lb.ft

(RPV S) (Ω) IP1 (mA) Sensor heater power (W)
100 2.337 20.803
110 2.333 20.048
120 2.325 19.488
130 2.313 18.984
150 2.305 18.144
170 2.298 17.486
190 2.277 16.954
210 2.265 16.464
230 2.25 16.072
252 2.239 15.68
270 2.221 15.4
290 2.213 15.162
310 2.205 14.991
330 2.199 14.907
200 2.276 17.122
220 2.27 16.464
240 2.249 16.044
260 2.249 15.694
300 2.214 15.131
340 2.19 14.668
380 2.191 14.248
460 2.178 13.632
504 2.156 13.347
540 2.175 13.095
580 2.168 12.898
620 2.155 12.688
660 2.157 12.506
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Table B.4: Sensor heat transfer test results at Diesel engine speed = 2500 rpm and
Engine output torque = 30 lb.ft

(RPV S) (Ω) IP1 (mA) Sensor heater power (W)
100 2.699 21.391
110 2.689 20.649
120 2.695 20.174
130 2.665 19.67
150 2.666 18.859
170 2.659 18.214
190 2.63 17.696
210 2.626 17.22
230 2.589 16.828
252 2.564 16.45
270 2.57 16.184
290 2.567 15.932
310 2.559 15.75
330 2.554 15.61
200 2.63 17.374
220 2.592 16.94
240 2.608 16.576
260 2.561 16.24
300 2.544 15.708
340 2.527 15.341
380 2.531 14.949
460 2.497 14.332
504 2.502 14.052
540 2.497 13.842
580 2.48 13.632
620 2.482 13.45
660 2.481 13.436
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B.2 Second sensing cell test results

Table B.5: NOx sensing cell potential vs current at Diesel engine speed = 1500 rpm
and Engine output torque = 200 lb.ft. RPVS= 252 Ohms.

IP2 (µA) VP2 (V)
0.589 0.293
0.876 0.343
1.037 0.395
1.132 0.446
1.213 0.5
1.331 0.55
1.613 0.6
2.337 0.65
4.061 0.7
6.881 0.75
0.21 0.239

-0.229 0.189
-1.783 0.139
-2.064 0.002

Table B.6: NOx sensing cell potential vs current at Diesel engine speed = 2000 rpm
and Engine output torque = 100 lb.ft. RPVS= 252 Ohms.

IP2 (µA) VP2 (V)
0.247 0.292
0.404 0.343
0.48 0.396
0.534 0.447
0.569 0.499
0.646 0.55
0.82 0.6
1.354 0.65
2.691 0.7
5.064 0.75
0.06 0.24

-0.203 0.189
-1.349 0.138
-2.063 0.095
-2.062 0



187

Table B.7: NOx sensing cell potential vs current at Diesel engine speed = 2500 rpm
and Engine output torque = 30 lb.ft. RPVS= 252 Ohms.

IP2 (µA) VP2 (V)
0.137 0.293
0.232 0.343
0.287 0.396
0.311 0.448
0.348 0.499
0.402 0.55
0.545 0.6
0.888 0.65
1.874 0.7
3.745 0.75
-0.027 0.24
-0.203 0.189
-1.265 0.138
-2.062 0.095
-2.06 0
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Table B.8: NOx sensing cell potential vs current at NOx =2800 ppm. RPVS= 252
Ohms.

IP2 (µA) VP2 (V)
-2.064 0
-2.064 0.002
-2.05 0.1
-1.508 0.139
-1.084 0.151
-0.537 0.165
-0.412 0.164
-0.189 0.169
-0.079 0.171
0.104 0.175
0.089 0.176
0.083 0.176
0.197 0.178
0.461 0.185
0.643 0.189
0.847 0.197
1.416 0.216
1.727 0.226
2.02 0.235
2.311 0.244
3.368 0.286
4.377 0.333
5.03 0.386
5.409 0.436
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Table B.9: NOx sensing cell potential vs current at NOx =2200 ppm. RPVS= 252
Ohms.

IP2 (µA) VP2 (V)
-2.064 0
-2.064 0.002
-2.05 0.1
-1.267 0.138
-0.409 0.159
-0.242 0.164
-0.179 0.166
-0.03 0.171
0.046 0.172
0.114 0.175
0.181 0.178
0.275 0.18
0.493 0.188
0.703 0.197
1.178 0.217
1.441 0.226
1.729 0.236
1.934 0.245
2.83 0.287
3.496 0.336
3.946 0.388
4.189 0.439
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Table B.10: NOx sensing cell potential vs current at NOx =1800 ppm. RPVS= 252
Ohms.

IP2 (µA) VP2 (V)
-2.064 0
-2.064 0.002
-2.05 0.1
-1.231 0.138
-0.373 0.159
-0.155 0.161
-0.215 0.166
-0.132 0.169
-0.101 0.171
-0.073 0.174
0.019 0.176
0.054 0.178
0.128 0.181
0.187 0.182
0.253 0.185
0.677 0.194
1.14 0.227
1.486 0.246
2.19 0.288
3.286 0.39
3.438 0.441
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Table B.11: NOx sensing cell potential vs current at NOx =1310 ppm. RPVS= 252
Ohms.

IP2 (µA) VP2 (V)
-2.064 0
-2.064 0.002
-2.05 0.1
-1.074 0.138
-0.369 0.159
-0.356 0.164
-0.172 0.171
-0.126 0.174
-0.091 0.176
-0.057 0.178
0.005 0.181
0.078 0.183
0.098 0.186
0.146 0.189
0.234 0.193
0.386 0.203
0.49 0.207
0.6 0.218

0.802 0.228
0.906 0.238
1.05 0.247
1.692 0.29
2.173 0.339
2.328 0.392
2.507 0.443
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Table B.12: NOx sensing cell potential vs current at NOx =750 ppm. RPVS= 252
Ohms.

IP2 (µA) VP2 (V)
-2.064 0
-2.064 0.002
-2.05 0.1
-1.015 0.137
-0.467 0.159
-0.428 0.164
-0.328 0.169
-0.215 0.176
-0.15 0.181
-0.094 0.187
-0.055 0.189
0.029 0.191
0.021 0.196
0.038 0.199
0.078 0.201
0.098 0.204
0.124 0.206
0.203 0.211
0.193 0.214
0.301 0.229
0.426 0.239
0.85 0.292
1.216 0.341
1.227 0.394
1.441 0.446
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B.3 HC sensor test results

Table B.13: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.35 V.

Time (s) IP1 (mA)
0 -0.006
10 -0.004
20 -0.006
30 -0.005
40 -0.01
50 -0.103
60 -0.15
70 -0.178
80 -0.193
90 -0.2
100 -0.201
110 -0.203
120 -0.223
130 -0.27
140 -0.332
150 -0.444
160 -0.628
170 -0.898
180 -1.241
190 -1.594
200 -1.922
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Table B.14: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.425 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.003 330 -0.252
10 -0.004 340 -0.253
20 -0.002 350 -0.258
30 -0.002 360 -0.26
40 0.077 370 -0.265
50 -0.093 380 -0.269
60 -0.183 390 -0.276
70 -0.213 400 -0.284
80 -0.223 410 -0.293
90 -0.228 420 -0.305
100 -0.228 430 -0.318
110 -0.229 440 -0.335
120 -0.225 450 -0.357
130 -0.226 460 -0.381
140 -0.225 470 -0.417
150 -0.225 480 -0.458
160 -0.225 490 -0.504
170 -0.226 500 -0.566
180 -0.229 510 -0.638
190 -0.229 520 -0.729
200 -0.233 530 -0.839
210 -0.233 540 -0.981
220 -0.235 550 -1.158
230 -0.238 560 -1.363
240 -0.236 570 -1.595
250 -0.238 580 -1.851
260 -0.24 590 -2.128
270 -0.24 600 -2.418
280 -0.242 610 -2.708
290 -0.244 620 -2.986
300 -0.246 630 -3.251
310 -0.248 640 -3.497
320 -0.249 650 -3.717
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Table B.15: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.672 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 0 347.7 -0.206
10 -0.004 357.7 -0.206
20 -0.001 367.7 -0.208
30 -0.066 377.7 -0.204
40 -0.136 387.7 -0.205
50 -0.166 397.7 -0.21
60 -0.181 407.7 -0.208
70 -0.191 417.7 -0.212
80 -0.201 427.7 -0.217
90 -0.205 437.7 -0.22
100 -0.205 447.7 -0.223

127.7 -0.207 457.7 -0.229
137.7 -0.202 467.7 -0.234
147.7 -0.206 477.7 -0.242
157.7 -0.205 487.7 -0.244
167.7 -0.205 497.7 -0.254
177.7 -0.204 507.7 -0.262
187.7 -0.207 517.7 -0.267
197.7 -0.207 527.7 -0.277
207.7 -0.205 537.7 -0.284
217.7 -0.206 547.7 -0.302
227.7 -0.207 557.7 -0.313
237.7 -0.207 567.7 -0.33
247.7 -0.206 577.7 -0.348
257.7 -0.205 587.7 -0.373
267.7 -0.207 597.7 -0.399
277.7 -0.207 607.7 -0.432
287.7 -0.206 617.7 -0.464
297.7 -0.206 627.7 -0.508
307.7 -0.204 637.7 -0.551
317.7 -0.204 647.7 -0.602
327.7 -0.205 657.7 -0.66
337.7 -0.202 667.7 -0.728
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Table B.16: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1080 K and VS= 0.82 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.004 320 -0.24
10 -0.003 330 -0.244
20 -0.054 340 -0.246
30 -0.154 350 -0.25
40 -0.187 360 -0.253
50 -0.202 370 -0.253
60 -0.214 380 -0.255
70 -0.22 390 -0.262
80 -0.228 400 -0.266
90 -0.23 410 -0.267
100 -0.229 420 -0.269
110 -0.23 430 -0.277
120 -0.23 440 -0.281
130 -0.234 450 -0.283
140 -0.229 460 -0.289
150 -0.23 470 -0.298
160 -0.233 480 -0.305
170 -0.23 490 -0.31
180 -0.228 500 -0.32
190 -0.229 510 -0.335
200 -0.231 520 -0.346
210 -0.229 530 -0.361
220 -0.229 540 -0.379
230 -0.229 550 -0.402
240 -0.229 560 -0.426
250 -0.231 570 -0.456
260 -0.23 580 -0.49
270 -0.235 590 -0.525
280 -0.236 600 -0.57
290 -0.237 610 -0.614
300 -0.239
310 -0.238



197

Table B.17: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.425 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.003 340 -0.253
10 -0.004 350 -0.258
20 -0.002 360 -0.26
30 -0.002 370 -0.265
40 0.077 380 -0.269
50 -0.093 390 -0.276
60 -0.183 400 -0.284
70 -0.213 410 -0.293
80 -0.223 420 -0.305
90 -0.228 430 -0.318
100 -0.228 440 -0.335
110 -0.229 450 -0.357
120 -0.225 460 -0.381
130 -0.226 470 -0.417
140 -0.225 480 -0.458
150 -0.225 490 -0.504
160 -0.225 500 -0.566
170 -0.226 510 -0.638
180 -0.229 520 -0.729
190 -0.229 530 -0.839
200 -0.233 540 -0.981
210 -0.233 550 -1.158
220 -0.235 560 -1.363
230 -0.238 570 -1.595
240 -0.236 580 -1.851
250 -0.238 590 -2.128
260 -0.24 600 -2.418
270 -0.24 610 -2.708
280 -0.242 620 -2.986
290 -0.244 630 -3.251
300 -0.246 640 -3.497
310 -0.248 650 -3.717
320 -0.249 660 -3.902
330 -0.252
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Table B.18: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1009 K and VS= 0.425 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.004 310 -0.227
10 -0.005 320 -0.228
20 -0.075 330 -0.228
30 -0.156 340 -0.232
40 -0.193 350 -0.231
50 -0.209 360 -0.234
60 -0.217 370 -0.239
70 -0.218 380 -0.244
80 -0.217 390 -0.249
90 -0.212 400 -0.255
100 -0.214 410 -0.265
110 -0.215 420 -0.274
120 -0.218 430 -0.288
130 -0.217 440 -0.306
140 -0.22 450 -0.326
150 -0.219 460 -0.352
160 -0.221 470 -0.382
170 -0.22 480 -0.418
180 -0.222 490 -0.459
190 -0.222 500 -0.512
200 -0.221 510 -0.576
210 -0.221 520 -0.656
220 -0.223 530 -0.757
230 -0.221 540 -0.883
240 -0.224 550 -1.032
250 -0.223 560 -1.209
260 -0.224 570 -1.414
270 -0.225 580 -1.66
280 -0.226 590 -1.942
290 -0.227 600 -2.253
300 -0.227
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Table B.19: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1080 K and VS= 0.67 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.004 367.7 -0.204
10 -0.001 377.7 -0.205
20 -0.066 387.7 -0.21
30 -0.136 397.7 -0.208
40 -0.166 407.7 -0.212
50 -0.181 417.7 -0.217
60 -0.191 427.7 -0.22
70 -0.201 437.7 -0.223
80 -0.205 447.7 -0.229
90 -0.205 457.7 -0.234
100 -0.207 467.7 -0.242

127.7 -0.202 477.7 -0.244
137.7 -0.206 487.7 -0.254
147.7 -0.205 497.7 -0.262
157.7 -0.205 507.7 -0.267
167.7 -0.204 517.7 -0.277
177.7 -0.207 527.7 -0.284
187.7 -0.207 537.7 -0.302
197.7 -0.205 547.7 -0.313
207.7 -0.206 557.7 -0.33
217.7 -0.207 567.7 -0.348
227.7 -0.207 577.7 -0.373
237.7 -0.206 587.7 -0.399
247.7 -0.205 597.7 -0.432
257.7 -0.207 607.7 -0.464
267.7 -0.207 617.7 -0.508
277.7 -0.206 627.7 -0.551
287.7 -0.206 637.7 -0.602
297.7 -0.204 647.7 -0.66
307.7 -0.204 657.7 -0.728
317.7 -0.205 667.7 -0.81
327.7 -0.202 677.7 -0.903
337.7 -0.206 687.7 -1.012
347.7 -0.206 697.7 -1.131
357.7 -0.208 707.7 -1.262
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Table B.20: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.67 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.002 310 -0.205
10 -0.005 320 -0.207
20 -0.086 330 -0.208
30 -0.139 340 -0.214
40 -0.163 350 -0.22
50 -0.18 360 -0.22
60 -0.186 370 -0.225
70 -0.195 380 -0.229
80 -0.197 390 -0.236
90 -0.199 400 -0.242
100 -0.199 410 -0.247
110 -0.198 420 -0.25
120 -0.197 430 -0.257
130 -0.202 440 -0.265
140 -0.199 450 -0.277
150 -0.196 460 -0.288
160 -0.198 470 -0.298
170 -0.199 480 -0.313
180 -0.196 490 -0.33
190 -0.2 500 -0.347
200 -0.197 510 -0.369
210 -0.196 520 -0.397
220 -0.196 530 -0.42
230 -0.195 540 -0.455
240 -0.201 550 -0.491
250 -0.199 560 -0.532
260 -0.197 570 -0.577
270 -0.2 580 -0.627
280 -0.199 590 -0.689
290 -0.204 600 -0.756
300 -0.203
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Table B.21: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1009 K and VS= 0.67 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.004 360 -0.191
10 -0.007 370 -0.189
20 0.072 380 -0.192
30 -0.032 390 -0.192
40 -0.116 400 -0.192
50 -0.156 410 -0.194
60 -0.173 420 -0.194
70 -0.182 430 -0.197
80 -0.19 440 -0.197
90 -0.194 450 -0.202
100 -0.194 460 -0.206
110 -0.198 470 -0.208
120 -0.197 480 -0.215
130 -0.197 490 -0.219
140 -0.197 500 -0.223
150 -0.196 510 -0.231
160 -0.196 520 -0.237
170 -0.195 530 -0.244
180 -0.195 540 -0.253
190 -0.196 550 -0.262
200 -0.194 560 -0.277
210 -0.194 570 -0.291
220 -0.192 580 -0.31
230 -0.192 590 -0.331
240 -0.191 600 -0.359
250 -0.19 610 -0.392
260 -0.191 620 -0.428
270 -0.191 630 -0.476
280 -0.19 640 -0.528
290 -0.188 650 -0.586
300 -0.189 660 -0.653
310 -0.189 670 -0.725
320 -0.189 680 -0.811
330 -0.189 690 -0.902
340 -0.189 700 -0.997
350 -0.191
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Table B.22: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1023 K and VS= 0.82 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.004 310 -0.238
10 -0.003 320 -0.24
20 -0.054 330 -0.244
30 -0.154 340 -0.246
40 -0.187 350 -0.25
50 -0.202 360 -0.253
60 -0.214 370 -0.253
70 -0.22 380 -0.255
80 -0.228 390 -0.262
90 -0.23 400 -0.266
100 -0.229 410 -0.267
110 -0.23 420 -0.269
120 -0.23 430 -0.277
130 -0.234 440 -0.281
140 -0.229 450 -0.283
150 -0.23 460 -0.289
160 -0.233 470 -0.298
170 -0.23 480 -0.305
180 -0.228 490 -0.31
190 -0.229 500 -0.32
200 -0.231 510 -0.335
210 -0.229 520 -0.346
220 -0.229 530 -0.361
230 -0.229 540 -0.379
240 -0.229 550 -0.402
250 -0.231 560 -0.426
260 -0.23 570 -0.456
270 -0.235 580 -0.49
280 -0.236 590 -0.525
290 -0.237 600 -0.57
300 -0.239 610 -0.614
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Table B.23: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=1009 K and VS= 0.82 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.005 260 -0.217
10 -0.001 270 -0.216
20 -0.063 280 -0.224
30 -0.13 290 -0.224
40 -0.158 300 -0.231
50 -0.179 310 -0.238
60 -0.19 320 -0.241
70 -0.193 330 -0.247
80 -0.2 340 -0.253
90 -0.2 350 -0.262
100 -0.202 360 -0.27
110 -0.203 370 -0.279
120 -0.199 380 -0.287
130 -0.201 390 -0.298
140 -0.201 400 -0.316
150 -0.199 410 -0.325
160 -0.202 420 -0.346
170 -0.199 430 -0.365
180 -0.2 440 -0.389
190 -0.203 450 -0.413
200 -0.204 460 -0.441
210 -0.206 470 -0.474
220 -0.204 480 -0.513
230 -0.208 490 -0.552
240 -0.211 500 -0.597
250 -0.211 560 -0.426
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Table B.24: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.45 V, T=990 K and VS= 0.82 V.

Time (s) IP1 (mA) Time (s) IP1 (mA)
0 -0.003 230 -0.199
10 -0.008 240 -0.196
20 -0.073 250 -0.204
30 -0.118 260 -0.199
40 -0.152 270 -0.204
50 -0.17 280 -0.218
60 -0.185 290 -0.223
70 -0.193 300 -0.228
80 -0.186 310 -0.228
90 -0.188 320 -0.239
100 -0.189 330 -0.239
110 -0.188 340 -0.258
120 -0.192 350 -0.263
130 -0.189 360 -0.287
140 -0.191 370 -0.306
150 -0.196 380 -0.326
160 -0.195 390 -0.355
170 -0.189 400 -0.396
180 -0.189 410 -0.438
190 -0.195 420 -0.494
200 -0.186 430 -0.554
210 -0.188 440 -0.62
220 -0.198
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Table B.25: Transient sensor response at propane concentration = 5000 ppm. VP2=
0.22 V, T=1023 K and VS= 0.425 V.

Time (s) IP1 (mA)
0 -0.006
10 -0.005
20 -0.004
30 -0.118
40 -0.182
50 -0.208
60 -0.221
70 -0.224
80 -0.225
90 -0.227
100 -0.225
110 -0.224
120 -0.22
130 -0.223
140 -0.228
150 -0.229
160 -0.232
170 -0.232
180 -0.236
190 -0.239
200 -0.239
210 -0.244
220 -0.244
230 -0.252
240 -0.257
250 -0.263
260 -0.275
270 -0.289
280 -0.311
290 -0.343
300 -0.394
310 -0.476
320 -0.6
330 -0.773
340 -1.004
350 -1.315
360 -1.693
370 -2.139



206

Appendix C

Sensor test rig relays layout

Table C.1: Sensor test rig relays layout (see Figure 3.16).

Actuator Relay #
Valve 1 1 and 2
Valve 2 3 and 4
Valve 3 5 and 6
Valve 4 7 and 8
Valve 5 9 and 10
Valve 6 11 and 12
Tank A 13, 14 and 15
Tank B 16, 17 and 18
Tank C 19, 20 and 21
Tank D 22, 23 and 24
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