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Abstract

Diesel engines are widely used in automotive sector due to their high fuel efficiency,

distinguished durability and great reliability. However, NOx and particulate matters

(PM) are main concerns of the Diesel engines due to their lean burn conditions.

To reduce these emissions, Diesel engines are usually coupled with state-of-the-art

Diesel aftertreatment systems including a Diesel Oxidation Catalyst (DOC), a Diesel

Particulate Filter (DPF), and a Selective Catalytic Reduction system (SCR). With

increasingly stringent regulations, the estimation and control strategies of Diesel after-

treatment systems for NOx and PM reduction are becoming more and more critical

and challenging, especially under transient conditions with unknown system dynamics

including disturbances and model uncertainties. To address these problems, this thesis

focuses on advanced strategies based on disturbance estimation and compensation for

improving the performance of Diesel after-treatment systems.

Urea injection and ammonia storage ratio are critical for the SCR system to

achieve high NOx reduction efficiency and low NH3 slip. Nevertheless, unknown sys-

tem dynamics including input (urea injection) disturbances and model uncertainties

of SCR system make it challenging to achieve high NOx reduction efficiency and low

NH3 slip. To deal with these obstacles, Paper 1, Paper 2 and Paper 3 (Chapter 2, 3,
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and 4 respectively) proposed active disturbance estimation and compensation meth-

ods for enhancing the SCR performance. Paper 1 (Chapter 2) introduces two different

methods to accurately detect urea injection and correct for urea dosing control. Pa-

per 2 (Chapter 3) depicts a robust Nonlinear Disturbance Observer (robust NDO) to

effectively estimate the ammonia storage ratio in a cost-effective way. Paper 3 (Chap-

ter 4) presents a compound control strategies based on active disturbance rejection

control (ADRC) to precisely keep NH3 slip low and achieve high NOx reduction

efficiency.

DOC thermal management is critical to effectively burn the soot during DPF

regeneration (PM reduction). But unknown system dynamics including DOC inlet

emissions and model uncertainties make it difficult for DOC mean temperature es-

timation and DOC outlet temperature control during DPF regeneration. To deal

with these challenges, Paper 4 and Paper 5 (Chapter 5 and 6 respectively) developed

active disturbance estimation and compensation strategies for improving DOC ther-

mal management during DPF regeneration. Paper 4 (Chapter 5) introduces a robust

filter based on Smooth Variable Structure Filter (SVSF) with augmented disturbance

states to estimate the mean temperature of DOC. Paper 5 (Chapter 6) presents a

composite controller combining a feedforward controller and an modified Active Dis-

turbance Rejection Controller (mADRC) with time delay compensation for the DOC

outlet temperature control.

The proposed methods in the 5 papers are either validated by the calibrated GT-

power model or experiments with Diesel after-treatment systems.
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Chapter 1

Introduction

1.1 Background

Diesel engines are widely used in automobile applications due to their great durability

and high fuel efficiency. Nevertheless, their lean-burned combustion profiles lead to

high emissions (e.g. NOx, CO, HC, PM) which have bad impacts on the public

health, the environment and so on. Therefore, regulations on Diesel emissions are

increasingly stringent in recent years all over the world. Figure 1.1 demonstrates the

gradually tightened limits of NOx and PM on heavy duty Diesel engines introduced

by US EPA (US Environmental Protection Agency). As can be seen in Figure 1.1,

the NOx limit in 2007 (0.2 g/bhphr) is about 50 times stricter than that in 1988 (10.7

g/bhphr), and the PM limit in 2007 (0.01 g/bhphr) is about 60 times stricter than

that in 1988 (0.6 g/bhphr). Similar to US emission standard, Figure 1.2 depicts the

historical view of emission standards for light-duty and heavy-duty Diesel engines in

European Union (EU). Showed in Figure 1.2, the NOx limit in 2013 (0.40 g/kWh )

is about 20 times lower than that in 1992 (8.0 g/kWh), and the PM limit in 2013
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(0.01 g/kWh) is about 36 times lower than that in 1992 (0.36 g/kWh).

Figure 1.1: Heavy duty Diesel emissions standards since 1988 [1]

It has been studied that after-treatment systems are necessary to further lower

the engine-out emissions to meet the emission limits [28], although advanced engine

controls and technologies can reduce engine-out emissions. In order to meet strin-

gent emission legislations, modern Diesel engines are equipped with after-treatment

systems. The state-of-the-art aftertreatment system includes a Diesel Oxidation Cat-

alyst (DOC), a Diesel Particulate Filters (DPF) and a Selective Catalytic Reduction

(SCR) system, as can be seen in Figure 1.3. However, the further strict limits of NOx

and PM on Diesel engines are on the way. An real-driving emissions (RDE) regula-

tory proposal was signed by EU to reduce in-use emissions since many studies have

been reported that in-use emissions from cars are much higher than by certification

testing [2, 3]. The challenges for diesel emission reduction are continuing as the Low
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Figure 1.2: EU emission standards for Diesel engines since 1992 [27]

Emission Vehicle III (LEVIII) and US Tier 3 implementation proceeds through 2025,

the EU shifts to an emphasis on real-driving emissions (RDE), and the California

Heavy Duty (HD) and European Non-Road (NR) sectors tighten further [2, 3]. More

efforts are required to improve the performance of Diesel aftertreatment systems so

as to comply increasingly stringent emission regulations.

Figure 1.3: Advanced aftertreatment system of Diesel engine [4]
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1.2 Diesel Aftertreatment Systems

1.2.1 Diesel Oxidation Catalyst (DOC)

Main Functions

The DOC is mainly used to oxidise the CO and unburned HCs to CO2 and H2O.

In addition, the DOC is able to convert NO to NO2 for passive regeneration of

DPFs and improving the overall NOx reduction efficiency of SCRs. Furthermore, the

DOC is adopted to boost the DOC-out temperature for active regeneration of DPFs.

The emission conversation efficiency highly depends on the DOC temperature, so

the DOC temperature is critical for fast light-off management to effectively reduce

exhaust pipe-out emission, especially during the phase of cold start. Thus, to fast

heat up the DOC for light-off management, the DOC is located upstream of the DPF

and the SCR (i.e. close to the engine), as can been seen in Figure 1.3.

Physical Structure

The DOC is a flow-through honeycomb monolith structure made of either ceramics

or metal, as can be seen in Figure 1.4. Typical cross-section of the DOC is circular

or oval. Ceramics substrates are usually square cells, whilst metallic substrates are

sinusoidal channels. The number of cells of DOC varies and typical DOC cells are

300-400 cells per square inch (cpsi). Exhaust gases flow through the channels and

contact the catalyst on the channel walls.

4



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

Figure 1.4: The honeycomb monolith structure of DOC [15].

The honeycomb monolith structure of DOC is coated with a catalytic washcoat

layer as can be seen in Figure 1.5. The washcoat layer usually consists of inorganic

base metal oxides such as alumina, V2O5 and zeolites. Also, the precious platinum

group metals (PGM) such as platinum itself (Pt), palladium (Pd) and rhodium (Rh)

are deposited on the surface and within the pores of the washcoat.

Figure 1.5: The Washcoat of DOC [15].
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Chemical Reactions

Chemical reactions in DOC are complex and more details can be seen in [29–33]. The

main reactions in DOC include oxidation reactions [29] and Hydrocarbon storage [30],

as demonstrated in table 1. In table 1, C3H6 and DF (DF 1 and DF 2) represent the

partially reacted fuel hydrocarbons and unburned fuel, respectively; DF 1 and DF 2

represent adsorbable slow oxidizing hydrocarbon and non-adsorbable slow oxidizing

hydrocarbon, respectively; Z represents Zeolite.

Table 1: Main Reactions in DOC

Oxidation Reactions

1 CO + 0.5O2 → CO2

2 C3H6 + 4.5O2 → 3CO2 + 3H2O

3 H2 + 0.5O2 → H2O

4 NO + 0.5O2 → NO2

5 DF1 + 19.4O2 → 13.5CO2 + 11.8H2O

6 DF2 + 19.4O2 → 13.5CO2 + 11.8H2O

Hydrocarbon Storage Reactions

7 Z +DF1 → ZDF1

8 ZDF1 → Z +DF1
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1.2.2 Diesel Particulate Filter (DPF)

Main Functions

The DPF locates downstream of the DOC, as demonstrated in Figure 1.3. The DPF is

a flow-through device for Particulate matter (PM)/ soot reduction. The composition

of PM is extremely complex including four main fractions: 1) elemental carbon (i.e.

soot), 2) soluble organic fraction, 3)sulfates and 4) ashes (inorganic materials) [34, 35].

As can be seen in Figure 1.6, the PM can be deposited in DPF and the soot can be

burned off by using regeneration methods. A platinum-catalyst filter system will

passively regenerate from the reaction of NO2 with carbon under medium- and high-

load conditions [36]. Passive regeneration is limited by temperature and by NOx/C

ratios. Active regeneration is required in extended operating conditions since passive

regeneration is not enough to keep the filter clean. It has been reported that the

approaches of active regeneration have identified common features [37]:

a) Estimation of DPF soot loading using engine and back pressure models, and

fuel consumption;

b) Preheating the DOC system to ensure that injected hydrocarbons can ignite

and heat up the filter;

c) Increase of exhaust hydrocarbon levels via in cylinder or supplemental fuel in-

jection, for burning on a DOC;

d) Control and monitoring of the regeneration as a function of operating point and

conditions;

e) Recalculation of pertinent models to take account of ash build-up.
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Figure 1.6: The principle of DPF[27].

Chemical Reactions

Main reactions in DPF during passive regeneration and active regeneration are demon-

strated in table 2. Reaction 1 and 2 happen during active regeneration when the

temperature is in the appropriate temperature range. Reaction 3 and 4 continuously

occur during passive regeneration. It has been pointed out that Reaction 2 and 4

can be ignored since O2 is excessive in Diesel exhaust and NO2 is a strong oxidizer

[16, 17].

Table 2: Regeneration Reactions in DPF [16]

Active Regeneration

1 C +O2 → CO2

2 2C +O2 → 2CO

Passive Regeneration

3 2NO2 + C → CO2 + 2NO

4 NO2 + C → CO +NO
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1.2.3 Urea-based Selective Catalytic Reduction (SCR)

Main Functions

The SCR system is a leading and effective aftertreatment technology to reduce nitro-

gen oxides (NOx). The SCR system as part of the after-treatment system is located

in the downstream of DPF, as can be seen in Figure 1.3.

Physical Structure

The SCR system is composed of a urea dosing system and a SCR catalyst. Urea dosing

system contains a urea tank, a urea pump, a pressure line, a urea injector and a dosing

control unit (DCU), as depicted in Figure 1.3. The SCR catalyst is a flow-through

honeycomb monolith substrate coated with a catalytic layer of precious PGM loading.

The 32.5% aqueous urea solution, also called AdBlue or Diesel Exhaust/Emission

Fluid (DEF), is used as the source of ammonia for SCR system in vehicle applications.

The urea dosing system controls the urea line pressure and injects the DEF into the

exhaust pipe upstream of the SCR catalyst.

Chemical Reactions

As can be seen in Figure 1.7, NOx reduction reactions occur when the exhaust gases

flow through the SCR system. From urea injection to NOx reduction reactions in

urea-based SCR system, three events are mainly included. Firstly, the AdBlue is

injected at upstream of the SCR system by the dosing unit and converted to ammonia.

Secondly, when entering the SCR system, the ammonia is partially adsorbed by the

substrate of the catalyst. Finally, the ammonia adsorbed on the substrate reacts with

NOx and convert them to N2 and H2O. Main reactions of SCR are demonstrated in
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table 3

Figure 1.7: Urea based SCR system for Diesel engine.

Table 3: Main Reactions in DOC

AdBlue to Ammonia

1 NH3CONH3(liquid)→ NH2CONH2 ∗+xH2O

2 NH2CONH2∗ → HNCO +NH3

3 HNCO +H2O → CO2 +NH3

Ammonia Adsorption/Desorption

4 NH3 + Z ↔ ZNH3

Ammonia oxidation

5 NH3 + 1.25O2 → NO + 1.5H2O

NOx Reduction

6 4NH3 + 4NO +O2 → 4N2 + 6H2O

7 2NH3 +NO +NO2 → 2N2 + 3H2O

8 4NH3 + 3NO2 → 3.5N2 + 6H2O
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1.3 Literature Review and Challenges

1.3.1 Control and Challenges for NOx Reduction

The urea is injected into the exhaust pipe and converted to gaseous ammonia. A part

of the inlet ammonia is absorbed on the catalytic surface and the remain part of inlet

ammonia flows through the SCR system. The ammonia slip is composed of two parts:

a part of the inlet ammonia and the ammonia desorption from ammonia storage on

SCR surface. A part of inlet NOx reacts with the ammonia stored on the catalytic

surface of the SCR system and the remain part of inlet NOx flows through the SCR

system. Therefore, the urea injection and the ammonia storage ratio play important

role in both ammonia slip and NOx reduction efficiency. However, it is challenging

to balance ammonia slip and NOx reduction efficiency, since both NOx and NH3

are toxic and both targets (high NOx reduction efficiency and low ammonia slip) are

conflictive. For one hand, too much urea injection can achieve high NOx reduction

efficiency but cause excessive ammonia slip. On the other hand, less urea injection

can have low or no ammonia slip but lead to low NOx reduction efficiency such

that emission regulations cannot be satisfied. To address this challenge, numerous

estimation and control strategies have been proposed for urea-based SCR systems.

This section summarizes the state-of-the-art estimation and control strategies for SCR

NOx reduction.

Ammonia Storage Ratio Estimation

It has been pointed out that the ammonia storage ratio has critical effect on the am-

monia slip and NOx reduction efficiency in the SCR system. However, the ammonia
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storage ratio is difficult to be directly measured due to no available on-board sensors,

although some methods and equipment were studied in the laboratory [18]. The es-

timation of ammonia storage ratio is significant for SCR control but it is challenging

due to the high cost of NOx and NH3 sensors, cross sensitivity of NOx sensor to

NH3, the high nonlinearities in chemical reactions [6] and measurement noise. Lin-

ear or linearized SCR models were used to design observers for ammonia storage ratio

estimation but the performance of these methods are limited due to nonlinearities,

model uncertainties and disturbances [19, 20]. Several sliding mode observers were

developed in [21] and discrete-time smooth variable structure estimator was proposed

in [38] to estimate the ammonia storage ratio in SCR system by using NOx sensors

and ammonia sensors. To be noted, ammonia sensors are expensive and not available

for mass product after-treatment systems. Sensor reduction is necessary and possible

for SCR estimation and feedback control. A cost-effective robust approach was pro-

posed in [39] to estimate the states of SCR system by dual NOx sensors after the SCR

system without any ammonia sensors. Furthermore, the NOx sensor is widely used

for SCR feedback control [40] and required for OBD regulations. It is worth noting

that high-frequency noises are commonly involved in sensor measurements. Robust

ammonia storage ratio estimation methods that can attenuate the influence of such

noise are therefore desired.

Feedback Control

SCR closed-loop controls were proposed to meet stricter emission regulations since

model-based or MAP-based opened-loop control strategies are only sufficient to meet

Euro-IV and Euro-V emission standards [5]. Control variables are critical for SCR
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closed-loop controls and four potential control variables (i.e. NOx concentration,

NOx conversion, NH3 concentration, and NH3 surface coverage) were discussed in

[6]. NOx concentration and NOx conversion were reported to be used to compensate

the feed-forward control while it can easily lead to high NH3 slip [41] or unstable

problems due to ammonia cross-sensitivity issue [8] of NOx sensors. Ammonia con-

centration at downstream of SCR system have been reported to be used for feedback

control in [41]. The ammonia surface coverage or the ammonia surface coverage ratio

was proposed for feedback control aiming for high NOx reduction efficiency and low

NH3 slip at the same time [41]. Conventional PID control [6–10] and model-based

control strategies [11–14] are reported for SCR feedback control. However, nonlin-

earities, model uncertainties and disturbances may impair the control performance

or cause unstable problems for both conventional PID controllers and model-based

controllers. Adaptive controls [22–25] have been developed for SCR control to reduce

model mismatch by adapting model parameters. An adaptive model predictive con-

trol (MPC) proposed in [26] shows its effectiveness in dealing with both NH3 slip and

NOx inefficiency issues at the same time, while the adaptive MPC requires relatively

high computation effort and a relatively accurate model.

Summary

The high cost of NOx and NH3 sensors, cross sensitivity of NOx sensor to NH3,

the high nonlinearities in chemical reactions [6] and measurement noise are issues for

ammonia storage ratio estimation. In addition, nonlinearities, model uncertainties

and disturbances are challenges for both conventional PID controllers and model-

based controllers. Furthermore, accurate urea injection is critical to achieve high NOx
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reduction efficiency and keep ammonia slip low. Therefore, overdosing or under-dosing

of urea injection should be avoided or corrected. Nevertheless, the urea injector may

change in lifetime, causing overdosing or under-dosing of urea injection. To address

aforementioned problems, Chapter 2, 3 and 4 of this thesis focus on urea injection

detection and correction, ammonia storage ratio estimation and ammonia feedback

control by proposing robust and cost effective strategies based on active disturbance

estimation and compensation.

1.3.2 Control and Challenges for PM Reduction

It has been reported that active regeneration is needed to effectively reduce the PM

emission. Based on the principle of DPF, the active regeneration of DPF divides into

two stages [42]: 1) close post injection is used to drive the DOC temperature up to

light-off temperature for high hydrocarbons (HC) conversion efficiency. 2) far post

injection in cylinder or downstream injection in the exhaust pipe is adopted to boost

the DOC outlet temperature to satisfy the DPF active regeneration temperature.

For the first stage, the DOC mean temperature is very critical for light off man-

agement, whilst the mean temperature of a DOC is not able to be measured directly.

Thus, the mean temperature estimation is critical for DOC on-board diagnostic and

fast light off management but is challenging due to complex reactions and thermal

dynamics in DOC. Mathematical models are required for mean temperature estima-

tion and control of a DOC. Several mathematical models for DOC have been reported

in the literature. Detailed kinetic model were proposed for simulation purpose based

on first principle [29, 30, 43, 44]. A reduced order model of DOC and an EKF are
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proposed for the internal temperature and outlet emissions (e.g. CO, NO, NO2) pre-

diction in [45]. An control-oriented model with considering its thermal behavior was

proposed for DOC control and diagnosis in [46–48]. However, the input disturbance

and model uncertainties are not considered for the temperature estimation, leading

to great estimation error in the case when model uncertainties and input disturbances

exist.

For the second stage, the DOC-out temperature is critical for DPF active regen-

eration as the DPF inlet temperature should be high enough to effectively burn the

accumulated soot in the DPF and should be kept below a certain threshold to prevent

damage to the DPF. However, the control of DOC-out temperature is challenging due

to several factors including wide-range engine operations, DOC thermal inertia, the

complexities of the reactions in DOC, and the physical saturation of the fuel injectors.

Several model-based control strategies [42, 49, 50] were proposed to address this

issue. Linear Parameters Varying (LPV) controller was demonstrated in [49] to have

better tracking performance for the Diesel Particulate Filter Thermal Management by

comparing with model-based PID controller. Model-based temperature control with

parameter adaptation by exhaust gas velocity is proposed in [50]. Model Predictive

Control (MPC) was proposed in [42] for DOC-out temperature control during DPF

regeneration and achieved small temperature error in general but more overshoots

than the production controller. There exist several drawbacks in the aforementioned

model-based controllers. First of all, these model-based control methods were de-

signed deeply relying on accurate DOC model, while it is difficult to achieve precise

model for DOC system since the chemical reactions and thermal dynamics in DOC

are complex. Second drawbacks lies in the complexity in design (e.g. LPV) and the
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high computational load (e.g. MPC). Furthermore, the above controllers still have

nontrivial overshoots that are harmful for the DPF regeneration.

Hence, to enhance active regeneration performance of DPFs and avoid the afore-

mentioned drawbacks, this thesis presents a robust augmented-state smooth variable

structure filter (robust SVSF) for DOC mean temperature estimation, and a robust

disturbance rejection based control strategy for DOC-out temperature control.

1.4 Outline

To deal with the aforementioned challenges in NOx reduction and PM reduction, five

papers in this thesis present several strategies based on active disturbance estimation

and compensation for improving the performance of Diesel aftertreatment systems.

The remain parts of this thesis are organized as follows,

Chapter 2 (Paper 1) to Chapter 4 (paper 3) focus on detection and correction of

urea injection ,estimation of ammonia storage ratio and ammonia feedback control

for SCR NOx reduction.

In Chapter 2 (Paper 1), a correction factor was defined for detection and cor-

rection of under-dosing or overdosing urea injection and two methods were proposed

to identify the correction factor. The first method is based on the pump frequency

extracted from the frequency analysis of the line pressure. The second method is

based on the effective voltage of the motor. The effectiveness of both methods are

validated by the experiment of urea dosing system.

In Chapter 3 (Paper 2), two Nonlinear Distrubance Observer based methods were

presented to estimate the ammonia storage ratio, aiming for cost reduction. A novel

robust Nonlinear Distrubance Observer (robust NDO) was proposed and compared
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with the regular NDO. The stability and noise attenuation properties of both ob-

servers were theoretically discussed. The effectiveness of both NDOs are validated

under FTP-75 test cycle by the full-vehicle GT-power simulation.

In Chapter 4 (Paper 3), a compound control strategy based on active disturbance

rejection controller was proposed for SCR ammonia feedback control. The compound

control strategy is composed of a active disturbance rejection control, a zero-input

controller and a switching mechanism. The proposed control strategy is validated by

the high-fidelity GT-power model through steady states and FTP-75 test cycle.

Chapter 5 (Paper 4) and Chapter 6 (paper 5) concentrate on DOC mean temper-

ature estimation and DOC outlet temperature control for PM reduction (DPF active

regeneration), respectively.

In Chapter 5 (Paper 4), two estimation methods based on Smooth Variable Struc-

ture Filter were proposed to accurately estimate DOC mean temperature. A robust

Smooth Variable Structure Filter (robust SVSF) is designed based on the augmented

reduced order model of a DOC and compared with regular SVSF. The effectiveness

of both methods are validated by the experimentally calibrated DOC model in GT-

power environment.

In Chapter 6 (Paper 5), a novel and time-efficient composite controller based on

modified Active Disturbance Rejection Control (mADRC) was proposed for DOC-

out temperature control during DPF active regeneration. The proposed composite

controller is a new combination of a model-based feedforward controller and a mADRC

with time delay compensation through the mass flow rate of exhaust gas. The control

strategy is validated by the calibrated DOC model in GT-power environment.

Chapter 7 summarises the concluding remarks of this thesis and provides a brief
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introduction of further research directions for future work.
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Chapter 2

Detection of Injected Urea

Quantity and Correction for SCR

Urea Dosing Control

2.1 Citation and Main Contributor

Jinbiao Ning, and Fengjun Yan. Detection of injected urea quantity and correction

for SCR urea dosing control. No. 2015-01-1038. SAE Technical Paper, 2015.

The main contributor to this paper is the first author-Jinbiao Ning (contributes

more than 70%).
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2.2 Abstract

Using urea-based Selective Catalytic Reduction (SCR) systems is an effective way in

Diesel engine after-treatment systems to meet increasingly stringent emission regula-

tions. The amount of urea injection is critical to achieve high NOx reduction efficiency

and low ammonia slip, and overdosing or under-dosing of urea injection need to be

avoided. One of the difficulties in urea injection amount control lies in the accurate

measurement/estimation of the urea injection mass. To effectively address this issue,

this paper defined a correction factor for under-dosing or overdosing detection and

correction, and proposed two methods to identify the correction factor. The first

method is based on urea pump model and line pressure. Through frequency analysis,

the relation between the urea pump speed and power spectrum characteristics of the

line pressure was revealed. The urea pump frequency is extracted from the frequency

analysis of the line pressure and used for detecting the urea injection and identifying

the correction factor. Second method is based on the effective voltage of the Motor.

The relation between urea injection and effective voltage of the Motor was revealed

based on the motor dynamic model. The effective voltage of the Motor is used to

detect the urea injection and identify the correction factor. The effectiveness of both

proposed detection and correction methods are experimentally validated through the

urea dosing system.

2.3 Introduction

Diesel engines are major power sources for automobile applications due to their dura-

bility and high fuel efficiency. However, the lean burn conditions of Diesel engines
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lead to high NOx emission which contributes to acid rain and smog formation, and

have been linked to incidence rates for respiratory tract irritation, infection, asthma

[1]. Although some advance engine control technologies can reduce engine-out NOx,

the after-treatment systems are still necessary to further lower the engine NOx emis-

sions to meet the stringent emission limits [2]. Selective Catalytic Reduction (SCR)

system is a promising technique to reduce the NOx emission and has been adopted

by many new production vehicles [3].

In SCR system, the urea (Adblue) is injected and converted to ammonia (NH3)

to reduce NOx by chemical reaction on a catalytic surface. It is critical to control

the amount of urea injection to avoid emission from two aspects. For one aspect, a

large amount of ammonia input has a high NOx reduction efficiency, but it may lead

to high ammonia slip that have been considered as emission into Euro VI regulations

[4]. For another aspect, less ammonia input leads to lower NOx reduction efficiency

such that the emission regulations cannot be satisfied. Control of the SCR system has

become a challenging issue due to future emission legislation and in-use compliance

requirement.

To address the issue rose by the degradation of SCR system, feedback control

strategies based on ammonia sensor or NOx sensor were proposed. A model for

feedback control and monitoring of urea dosing system utilizing the ammonia sensing

was developed in [5]. However, the ammonia sensor is very expensive and unreliable

for production SCR system. The feedback and feedforward control were proposed

in [6] for urea dosing system based on NOx sensor. The ammonia cross-sensitivity

limits the use of NOx sensor to detect the catalyst malfunction. Therefore, most of

the production SCR systems are open-loop control.
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The injector area may change during the lifetime, leading inaccurate urea injec-

tion. Overdosing of urea injection may cause the ammonia slip and under-dosing

may lower NOx reduction efficiency. However, it is difficult to measure the urea in-

jection directly by flow sensors due to high cost. Therefore, the estimation of urea

injection mass or the effective injector area is very important for urea dosing control.

Several studies have demonstrated different methods to estimate the urea injection

mass. Signal processing methods included frequency analysis and time domain anal-

ysis were adopted to reveal the relation between line pressure and urea injection mass

in [7]. However, it only demonstrated the simple relation between the magnitude and

injection mass in frequency analysis. Model-based estimation of injected urea quan-

tity and diagnostics for SCR urea system were studied in [8]. However, the return

flow was ignored in both methods, which is not suitable for the urea dosing system

with large return flow compared to injection mass flow. More efforts are required to

estimate the injected urea quantity and compensate for the urea dosing control.

In this paper, a correction factor for detection of under-dosing or overdosing is

defined based on the urea flow model. The correction factor can be potentially used

for correction in urea dosing control. The contributions of this paper are: 1) a

correction factor for detection of under-dosing or overdosing is defined and identified;

2) The pump frequency is extracted for identifying the correction factor by frequency

analysis. 3) The effective voltage of motor is used for diagnosis of urea injection by

the relation between motor speed and effective voltage of the motor.

The rest of the paper is organized as following. The principle and model of the

urea dosing system are demonstrated. The problems and objectives of the detection

of urea injection are presented. The first method for detecting urea injection mass and
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identifying the correction factor is proposed based on urea pump frequency extracted

through frequency analysis of line pressure. Second detection and correction method

is based on the effective voltage of motor. The motor dynamic is used to analyze the

relation between motor speed and effective voltage of the motor. Both methods are

experimentally validated and then conclusions are given.

2.4 Principle and Control of Urea Dosing System

2.4.1 Principle of the Urea Dosing System

This section presents the principle of Urea Dosing System in Figure 2.1. The urea

is pumped into the pressure line from the urea tank and the line pressure increases.

The pressure sensor in the pressure line is used for feedback control and the controller

generates the PWM (Pulse-Width Modulation) signal to control the speed of the

Motor. The motor connects to the pump and determine the pump frequency. After

the pressure is in steady state, the pumped urea mass equals to the return flow

through the throttle based on the mass balance. Urea is injected into the exhaust

pipe when the injection command is sent to the injector by the urea Dosing Control

Unit (DCU). The urea injection command is PWM signal and the frequency of the

PWM is 1 Hz. The urea is converted to ammonia and reacts with NOx on the

substrate of SCR converter. Too much urea injection may cause ammonia slip and

too little urea injection may result in low NOx reduction efficiency. Therefore, the

injection is very critical for SCR control.
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Figure 2.1: The principle of Urea Dosing System.

2.4.2 Control of the Line Pressure

The control scheme of the line pressure is demonstrated in Figure 2.2. The output of

the dynamic system is the line pressure and the input for the motor is the PWM signal

controlled by the DCU. The controller is a PID controller, when the error between

the set-point and the output is larger than a constant , the controller is triggered.

Otherwise, the controller outputs last control value. The return flow through the

throttle to the urea tank and the injections through the injector to exhaust pipe are

treated as two external disturbances. The variation of the line pressure is caused

by the pumped urea, return urea, and the urea injection. The pumped urea equals

to the return urea when the pressure is at a steady state (5 bar) and there is no

urea injection. When the injection starts, the pressure may change. When the error

between the set-point and the pressure is lower than ∆e, the controller is not triggered,

and the pressure drop is fully caused by the urea injection at this condition. However,
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when the error between the set-point and output is higher than ∆e, the controller

is triggered and the pressure drop is caused by the urea injection and pumped urea.

When the system is operating on the steady state, the pressure is at 5 bar and the

pumped urea equals to the sum of return urea and urea injection.

Figure 2.2: Control scheme of the line pressure.

2.4.3 Measurement System

The urea dosing system used for measurement in this paper is Bosch Denoxtronic

2.2 as can be seen from Figure 2.3. The system includes Urea tank, Supply module

and Dosing module. The supply module includes the motor and the urea pump. The

dosing module is the urea injector. The data was sampled from the supply module

and dosing module by the scope.
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Figure 2.3: The measurement of Urea Dosing System.

2.4.4 Urea Injection Model

Urea injection dynamic can be expressed by the following equation.

U̇inj = CdA
√

2ρ(P − Pex) (2.1)

where Cd is injector nozzle discharge coefficient, A the effective area of the urea

injector nozzle, ρ the density of urea, P the line pressure (bar), Pex the exhaust

gas pressure (bar) in the exhaust pipe, Uinj,cyc urea injection mass of every injection

period.

The urea injection mass of every control period is the integration of U̇inj in the

urea dosing system, which can be expressed by the following equation,

Uinj,cyc = f(tvlv,cyc, rvlv,dyc, Ṗ , V0) =

∫ tst+tvlv,cyc∗rvlv,dyc

tst

U̇inj (2.2)

where V0 is the voltage of the battery (V), tvlv,cyc the injection period in the DCU,
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rvlv,dyc the duty cycle of the urea injection.

Based on the principle of the urea injector, the effect of the battery voltage V0 can

be ignored when the variation of battery voltage is very small. When P is a constant,

the equation of urea injection can be converted to the following form,

Uinj,cyc = CdA
√

2ρ(P − Pex) ∗ rvlv,dyc ∗ tvlv,cyc (2.3)

In the DCU, the injection period is 1 second (tvlv,cyc = 1s). LetK = CdA
√

2ρ(P − Pex) =

Uinj,cyc/rvlv,dyc, which is called injector flow-mass characteristic factor and demon-

strated in Figure 2.4.

Figure 2.4: Relation between Urea injection mass and duty cycle of injections.

The target urea injection mass Uinj,cyc is calculated from SCR control strategy in

DCU. Therefore, the injection command (PWM signal) is calculated by the following
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equation,

rvlv,dyc = Uinj,cyc/Kn (2.4)

where Kn is the calibrated injector flow mass characteristic factor in DCU by using

normal injectors.

2.4.5 Urea Flow Model based on Pump Speed

The pumping urea flow dynamic based on the pump speed is expressed by the fol-

lowing equation.

U̇a = ω · ρ ·D · η(P, ω) (2.5)

where Ua is the pumped urea flow mass, ω the motor speed, D the piston displacement

of the pump, η(P, ω) the pump volumetric efficiency approximately equal to one, ρ

the urea density.

When there is no injection and the urea dosing system is operating on steady

state, which is called idle state, the pumped urea flow equals to return flow through

the throttle based on the mass balance expressed by the equation below.

U̇re,idle = U̇a,idle = ωidle · ρ ·D · η(P, ω) (2.6)

where Ure,idle is the return urea flow mass at idle state, Ua,idle the pumped urea flow

mass at idle state, ωidle the motor speed at idle state.
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2.4.6 Urea Injection Model based on Urea Flow Model

Based on the mass balance, the pumped urea mass equals to the sum of return urea

flow mass and urea injection mass when the urea dosing system operates on the steady

state after the injection starts.

U̇a = U̇re + U̇inj

= (ωidle + ∆ω) · ρ ·D · η(P, ω) = ω · ρ ·D · η(P, ω)

(2.7)

where Ure is the return urea flow mass when there are urea injections, ∆ω the error

of motor speed between idle state and the urea injection state. Assuming that Ure

equals to Ure,idle at steady state, the urea injection can be expressed by the following

equation,

U̇inj = ∆ω · ρ ·D · η(P, ω) (2.8)

Equation (2.8) is the current urea injection during the lifetime. When the injector is

normal, the urea injection can be expressed in the following equations,

U̇inj,n = ∆ωn · ρ ·D · η(P, ω) (2.9)

where Uinj,n is the urea injection when the injector is normal, ∆ωn error of motor speed

between idle state and the urea injection state when the injector is normal. When

the injector is new and the calibration is correct, the current urea injection equals to

the normal urea injection at the same urea injection command. However, when the

injector is old and changes during the lifetime, the current urea injection may not

equal to the normal urea injection. Therefore, the under-dosing and overdosing of

urea injection should be detected and corrected for urea dosing control.
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2.5 Problems and Objective of Detection of Urea

Injection

During life time, the effective area of the urea injector nozzle and the factor K may

change, leading to inaccurate injection command calculated in DCU. If the injector is

blocked, the effective area of the urea injector nozzle turns smaller and the real K is

smaller than the Kn in DCU, leading to under-dosing injection. On the other hand,

when the effective area of the urea injector nozzle turns larger, the real K is larger

than the Kn in DCU, leading to overdosing injection. Therefore, it is necessary to

detect under-dosing and overdosing of injection and correct the factor Kn.

2.5.1 Definition of Correction Factor

To detect and correct the inaccuracy of the urea injection, the correction factor needs

to be defined. The definition of correction factor kcf can be expressed below,

kcf =
U̇inj

U̇inj,n
=

Uinj,cyc/rvlv,dyc
Uinj,cyc,n/rvlv,dyc

=
K

Kn

(2.10)

If the correction factor is identified, the current urea injector flow mass characteristic

factor K can be calculated by the following equation,

K = kcf ∗Kn (2.11)

According to the definition of the correction factor and the urea injection model based

on urea flow model (see equation (2.8), and (2.9)), the expression of correction factor
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can be turned into the following equation,

kcf =
U̇inj

U̇inj,n
=

∆ω

∆ωn
(2.12)

However, there is no speed sensor in the SCR system, making it unfeasible to directly

use this equation. In this paper, two different indirect methods are proposed to

address this issue.

2.5.2 Objective of Detection and Correction

The objective is to detect the overdosing or under-dosing of urea injection mass and

identify the correction factor. It is difficult to calculate the correction factor directly

since the flow mass sensor and speed sensors are unavailable to be used in the SCR

system. To address this issue, indirect methods are explored to detect the urea

injection mass. Based on the principle of urea dosing system, three factors (pumped

urea, return urea, and injected urea) cause the variation of the line pressure. Also, the

frequency of these three factors are different, referring that signal processing methods

can extract useful information to estimate current urea injection mass. The magnitude

under fundamental frequency (injection frequency) is used to demonstrate the urea

injection mass and detect under-dosing or overdosing in [5]. However, this method

cannot satisfy the urea dosing system in this paper based on the experimental analysis

demonstrated in Figure 2.5. Therefore, this paper proposed two different methods

to detect the urea injection mass indirectly and correct the urea injector flow mass

characteristic factor K (the ratio of urea injection mass to injection control duty

cycle) in DCU. These two new different methods are proposed based on the pumped

urea, which equals to the sum of the return urea and injected urea when the urea
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Figure 2.5: Magnitude of line pressure at different injections based on frequency
analysis.

dosing system is operating on steady state.

2.6 Detection of Urea Injection Mass based on Urea

Pump Frequency

This section proposed a method to detect the urea injection mass based on the urea

flow model and urea pump frequency. To address the issue that it cannot directly

measure the pump speed, a frequency extraction method is used to extract the urea

pump frequency through frequency analysis of line pressure. The detection and cor-

rection of urea injection are based on the pump frequency.
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2.6.1 Identification of the Correction Factor

In this paper, a frequency extraction method is used to extract the urea pump fre-

quency through frequency analysis of line pressure. Based on the urea pump fre-

quency, the correction factor can be expressed by the following equation,

kcf =
∆ω

∆ωn
=

∆f

∆fn
=

∆f/rvlv,dyc
∆fn/rvlv,dyc

=
Kω

Kω,n

(2.13)

Where Kω,n is the linear slope of ∆fn to rvlv,dyc when the injector is normal, Kω

the current slope of ∆f to rvlv,dyc, ∆fn is the urea pump frequency extracted from

the frequency analysis when the injector is normal, ∆f the urea pump frequency

extracted from the frequency analysis. To eliminate the stochastic error, linear fit

method is used.

2.6.2 Extraction of Pump Frequency through Frequency Anal-

ysis of Line Pressure

Figure 2.6: Pressure signal sampled from urea dosing system

Figure 2.6 is the line pressure signal through the pressure sensor, which is massively
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used in the production SCR systems. To understand the frequency characteristics of

the pressure signal, the Fast Fourier Transform (FFT) method is used. The spec-

trum of the line pressure is demonstrated and different fundamental frequencies can

be seen in Figure 2.7. The fundamental frequency of injection is 1Hz and the urea

pump frequency is from 15 Hz to 30 Hz, depending on the operating conditions. As

can be seen in Figure 2.7, one fundamental frequency is 1Hz and another fundamen-

tal frequency is about 19 Hz. Based on the principle of urea dosing system, 1 Hz

fundamental frequency is caused by the urea injection events and 19 Hz fundamental

frequency is produced by the urea pump events, which can be used to calculate the

urea pump speed. Fundamental frequency of urea pump events can be used to calcu-

Figure 2.7: The spectrum of line pressure

late the pump speed. Therefore, it is necessary to extract the urea pump frequency

from the spectrum of line pressure. Figure 2.8 demonstrates different urea pump

frequencies over different injection conditions, which are extracted from the spectrum

of line pressure. We can see from Figure 2.8 that frequencies of urea pumping over

different injections (from 5% injection to 95% injection) increase and the increasing

rate is approximately a constant value. Therefore, the frequency of urea pumping
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rate can be used to estimate and detect the urea injection mass.

Figure 2.8: The relation between pump frequency and duty cycle of injections

2.6.3 Identification of Correction Factor through the Pump

Frequency

Two different experiment cases including normal injector case and blocked injector

case were done. The normal injector case is that the injector is normal while the

blocked injector case is that the injector is blocked partially. The injection mass in

the blocked injector case is lower than that in the normal cases at the same injection

command from the DCU. The frequencies of the urea pump event in both cases

are demonstrated in Figure 2.9. As can be seen from Figure 2.9, the trends of the

frequencies in both cases are the same, while the slope of the normal case is higher

than that of the blocked injector case, which means that the frequency of the blocked
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injector case is lower than that of normal case due to less urea injection mass at the

same injection control command. Through the comparison between the normal case

Figure 2.9: The comparison of pump frequency between Block case and Normal case

and block case, the frequencies of the urea pumping rate can be used for diagnosis of

urea under-dosing or overdosing, and correction of the injection command. Based on

the equation (2.13), the correction factor can be calculated from the linear relation

between the frequency differences and the injection duty cycle. From Figure 2.10,

the correction factor can be identified through the slope Kω,n (normal case) and Kω

(blocked case), which can be calculated by using the linear fit method. Furthermore,

under-dosing injection is detected since Kω is lower than Kω,n.
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Figure 2.10: The comparison of pump frequency between Block case and Normal case

2.7 Detection of Urea Injection Mass based on Ef-

fective Voltage of the Motor

This section proposed another method to estimate the urea injection mass based on

the pump model and motor dynamic model. To avoid the impact of variation of the

battery voltage, the detection and correction of urea injection is based on the effective

voltage of the motor rather than the motor PWM duty cycle.
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2.7.1 Pump Model with Motor Dynamics

The motor used in urea dosing system is a brushless DC motor, and can be modeled

by using the following equations,

di

dt
= −Ra

La
i− Kv

La
ω +

Va
La

dω

dt
=
Kt

J
i− B

J
ω − TL

J

(2.14)

Where J is the moment of inertia for the motor load, B the viscous friction, ω the

motor speed, L the inductance, Va is the voltage proportional to motor PWM duty

cycle Va = V0 ∗PWMmoto,dyc, TL the load for the motor, which is proportional to the

line pressure TL = f(P ) = const. When the system is operating on the steady state,

the motor speed can be expressed in the following equation,

ω =
VaKt −RaT

RaB +KvKt

(2.15)

Then the relation between the motor speed and motor PWM duty cycle can be

expressed by the following equation,

ω = mV0 ∗ PWMmoto,dyc + f0(P ) (2.16)

where m = Kt

RaB+KvKt
. When there is no injection, the urea dosing system is operating

on idle state and the pump speed can be expressed by the following equations.

ωidle = mV0 ∗ PWMmoto,dyc,idle + f0(P ) (2.17)
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where PWMmoto,dyc,idle is the duty cycle of motor control command when there is no

injection. Based on the mass balance, the pumped urea equals to the sum of return

flow and urea injection. When the injection starts and it is on the steady state, the

urea injection mass can be expressed by the following equations,

U̇inj = ∆ω · ρ ·D · η(P, ω)

= mV0 ∗∆PWMmoto,dyc · ρ ·D · η(P, ω)

(2.18)

2.7.2 Identification of the Correction Factor

According to the definition of the correction factor and the pump model with motor

dynamics, when the battery voltage is stable at V0, the expression of correction factor

can be turned into the following equation,

kcf =
U̇inj

U̇inj,c
=

∆PWMmoto,dyc

∆PWMmoto,dyc,n

=
∆PWMmoto,dyc/rvlv,dyc

∆PWMmoto,dyc,n/rvlv,dyc
(2.19)

To eliminate the stochastic error, linear fit method is used and the correction factor

can be expressed by the following equation,

kcf =
∆PWMmoto,dyc/rvlv,dyc

∆PWMmoto,dyc,n/rvlv,dyc
=

K∆PWM

K∆PWM,n

(2.20)

where K∆PWM,n is the linear slope of ∆PWMmoto,dyc to rvlv,dyc when the injector is

normal, K∆PWM the current slope of ∆PWMmoto,dyc to rvlv,dyc.

Through the comparison between the normal case and block case, based on the

equation (2.20), the correction factor can be calculated from the linear relation be-

tween the duty cycle error of Motor and the injection duty cycle. From Figure 2.11,
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the correction factor can be identified through the slope K∆PWM,n (normal case)

and K∆PWM (blocked case), which can be calculated by using the linear fit method.

However, the battery voltage always varies in the vehicle. The variation of correction

Figure 2.11: The relation between duty cycle of Motor and duty cycle of injection

factor may be very large even though the battery voltage has a small variation. Figure

2.12 demonstrated that the linear slope of ∆PWMmoto,dyc to rvlv,dyc varies when the

battery voltage varies. To address the problem that the linear slope of ∆PWMmoto,dyc

to rvlv,dyc varies when the battery voltage varies, the battery voltage V0 requires to

be taken into account. If the variation of battery voltage cannot be ignored, the

expression of correction factor can be turned into the following equation,

kcf =
U̇inj

U̇inj,c
=

V0 ∗∆PWMmoto,dyc

V0 ∗∆PWMmoto,dyc,n

=
Veff/rvlv,dyc
Veff,n/rvlv,dyc

(2.21)
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Figure 2.12: The relation between duty cycle of Motor and duty cycle of injection
over different battery voltage

To eliminate the stochastic error, linear fit method is used and the correction factor

can be expressed by the following equation,

kcf =
Veff/rvlv,dyc
Veff,n/rvlv,dyc

=
KVeff

KVeff ,n

(2.22)

where KVeff ,n is the linear slope of Veff,n to rvlv,dyc when the injector is normal, KVeff

the current slope of Veff to rvlv,dyc.

Through the comparison between the normal case and block case, based on the

equation (2.22), the correction factor can be calculated from the linear relation be-

tween the effective battery voltage and the injection duty cycle. From Figure 2.13,

the correction factor can be identified through the slope KVeff ,n (normal case) and

KVeff (blocked case), which can be calculated by using the linear fit method. Also,
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Under-dosing injection is detected since KVeff is lower than KVeff ,n. Although bat-

tery voltage varies, the slope of the KVeff ,n (normal case) among different battery

voltages are the same and the KVeff (blocked case) among different battery voltages

are almost the same, which means that the identification of the correction factor and

the under-dosing detection are more robust than that of PWM duty cycle of motor

used only.

Figure 2.13: The relation between effective voltage and duty cycle of injection

2.8 Summary/Conclusions

Based on the urea injection model and control command in the DCU, a correction

factor is defined and identified for the detection and correction of the urea injection.

Two different methods are proposed to detect current urea injection mass and identify
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the correction factor. First method is based on the pump frequency extracted from

the frequency analysis of line pressure by FFT method. Through the comparison

between the normal injector case and blocked injector case, the correction factor is

identified based on the urea pump frequency by linear fit method. Second method

to identify the correction factor is based on the motor dynamic model. The relation

between motor speed and effective voltage of motor is revealed when the system is

operating on steady state. Through the comparison between the normal injector case

and blocked injector case, the correction factor identified by the effective battery

voltage is more robust than that of PWM duty cycle used only. Both methods can

detect the under-dosing or overdosing injection and identify the correction factor. In

the future, the combination of both method will be explored to enhance the robustness

of the detection and correction, and implement the algorithm on line in the DCU.
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Chapter 3

Robust Nonlinear Disturbance

Observer Design for Estimation of

Ammonia Storage Ratio in

Selective Catalytic Reduction

Systems

3.1 Citation and Main Contributor
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The main contributor to this paper is the first author-Jinbiao Ning (contributes
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more than 70%).

3.2 Abstract

Urea-based selective catalytic reduction (SCR) system is a promising way to obtain

high NOx reduction and commonly adopted in Diesel engine after-treatment systems.

The ammonia storage ratio is critical for SCR feedback control but it is difficult

to be directly measured by sensors. This paper aims to effectively estimate the

ammonia storage ratio on line and reduce the cost of using ammonia sensors. In the

proposed method, the ammonia storage ratio is treated as an external disturbance

in the NOx dynamic model and estimated by the Nonlinear-Disturbance-Observer

methods. Furthermore, to reduce estimation errors of ammonia storage ratio caused

by the high-frequency measurement noises, a novel robust Nonlinear Disturbance

Observer (robust NDO) is proposed and compared with a typical design method

(regular NDO). Both the NDOs are developed based on part of the three-state SCR

model and cost-effective since NOx sensors are used only. The stability and noise

attenuation properties of both estimations were also analyzed in the paper. The

simulation results based on the full-vehicle simulator of FTP-75 test demonstrate

that the regular NDO and the robust NDO can effectively estimate the ammonia

storage ratio even in cases where ammonia cross-sensitivity affects response. Among

the two observers, the robust NDO has better noise attenuation properties.

55



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

3.3 Introduction

Due to high fuel efficiency and good durability, Diesel engines are commonly used

in automobile applications. However, their lean-burn combustion conditions lead to

high NOx emission which contributes to acid rain and smog formation, and has been

linked to incidence rates for respiratory tract irritation, infection, asthma, and so on

[1]. Although some advanced engine control technologies can reduce engine-out NOx,

given the tight NOx emission regulation and the fuel economy impacts NOx after-

treatment systems have, NOx after-treatment systems play a key role in NOx control

[2]. Selective Catalytic Reduction (SCR) as one of the most promising technologies

for NOx reduction is used by many new production medium- and heavy-duty vehicles

[3].

The engine-out NOx is reduced by chemically reacting with the ammonia on the

catalytic surface of SCR system. It is challenging to balance the ammonia slip and

NOx reduction efficiency due to the following two reasons. On one hand, too much

ammonia input can obtain high NOx reduction efficiency but result in high ammonia

slip which is limited in the stringent regulations. On the other hand, less ammonia

input leads to low NOx reduction efficiency such that the emission regulations cannot

be satisfied. It has been pointed out that the ammonia storage ratio is related to the

ammonia slip and NOx reduction efficiency in the SCR systems. However, it is

difficult to be directly measured due to no available on-board sensors, although some

methods and equipment were studied in the laboratory [15]. Therefore, the estimation

of ammonia storage ratio plays significant role in SCR feedback control.

Several sliding mode observers were developed in [4] and discrete-time smooth

variable structure estimator was proposed in [5] to estimate the ammonia storage
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ratio in SCR system by using NOx sensors and ammonia sensors. However, ammonia

sensors are very expensive and not available for mass product after-treatment sys-

tems. Sensor reduction is necessary and possible for SCR estimation and feedback

control. A cost-effective robust approach was proposed in [6] to estimate the states of

SCR system by dual NOx sensors after the SCR system without any ammonia sen-

sors. Furthermore, the NOx sensor is widely used for SCR feedback control [14] and

required for OBD regulations. However, the high-frequency noises are commonly in-

volved in the sensor measurement. Robust ammonia storage ratio estimation methods

that can attenuate the influence of such noise are therefore desired.

In this paper, a robust Nonlinear Disturbance Observer is proposed for ammonia

storage ratio estimation and compared with a regular Nonlinear Disturbance Ob-

server. The novel method is motivated by the robust disturbance observer techniques

in [7, 8] and improved from the regular Nonlinear Disturbance Observer (regular

NDO) design [9, 10]. Nonlinear Disturbance Observer is widely used in Disturbance

Observer Based Control (DOBC) [9–11, 20, 21]. The contributions of this paper are:

1) The ammonia storage ratio is treated as an external disturbance and estimated

by the proposed novel robust Nonlinear Disturbance Observer based on part of the

three-state SCR model. 2) The stability analysis of the robust estimation approach

based on the nonlinear disturbance observer is demonstrated. 3) It is a potential

cost-effective approach to estimate the ammonia storage ratio since the NOx sensor

is used only, avoiding the use of expensive and unreliable ammonia sensors.

The rest of the paper is organized as follows. The SCR principle, the three-state

SCR model, and the problem formulation are demonstrated in section 3.4. Two

different Nonlinear Disturbance Observer design for estimating the ammonia storage
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ratio are presented in section 3.5. The effectiveness of the estimation methods are

validated through high-fidelity full-vehicle simulator in section 3.6. Conclusion is

given in section 3.7.

3.4 The Modeling of SCR System and Problem

Formulation

This section presents the brief introduction of the principle of the SCR system and

the problem formulation.

The SCR system as part of the after-treatment system is located in the exhaust

gas pipe of Diesel engines. As can be seen from Figure 3.1, NOx reduction reactions

occur when the exhaust gas of the engine goes through the SCR system. The 32.5%

aqueous urea solution, also called AdBlue, is used as the source of ammonia for

SCR system in vehicle applications. From urea injection to NOx reduction reactions

in urea-based SCR system, three events are mainly included. Firstly, the AdBlue is

injected at upstream of the SCR system by the dosing unit and converted to ammonia.

Secondly, when entering the SCR system, the ammonia is partially adsorbed by the

substrate of the catalyst. Finally, the ammonia adsorbed on the substrate reacts with

NOx and convert them to N2 and H2O.

Figure 3.1: Urea base SCR system for Diesel engines
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3.4.1 The Principle of Selective Catalytic Reduction System

AdBlue to Ammonia

AdBlue is injected into the exhaust pipe and converted to ammonia if the condi-

tions satisfy the conversion requirement. The conversion from AdBlue to ammonia

includes mainly three steps: evaporation, decomposition, and hydrolyzation [16]. The

reactions are shown in (3.1), (3.2), (3.3), respectively.

a) AdBlue evaporation:

NH3CONH3(liquid)→ NH2CONH2 ∗+xH2O (3.1)

b) Urea decomposition:

NH2CONH2∗ → HNCO +NH3 (3.2)

c) Isocyanic acid (HNCO) hydrolyzation:

HNCO +H2O → CO2 +NH3 (3.3)

It has been demonstrated that the above reactions generally start if the exhaust gas

temperature is above 200 ◦C and reach a maximum reaction rate around 350 ◦C

[17]. When the exhaust gas temperature is less than 200 ◦C, several byproducts

such as cyanuric acid, biuret, melamine, ammelide and ammeline as deposits on pipe

wall can be generated by the urea decomposition reaction [18], which is a main issue

that affects the low temperature performance of SCR system. The concentration of

ammonia into the SCR system can be measured by an ammonia sensor or predicted
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by the AdBlue injection rate.

Ammonia Adsorption/Desorption

When the ammonia enters the SCR system, it can be adsorbed on the catalyst sub-

strate and the adsorbed ammonia can be desorbed from the substrate, which can be

expressed by the following reaction [3].

NH3 + θ ↔ NH3
∗ (3.4)

where θ is the free SCR substrate site (not covered by NH3). The reaction rates of

the ammonia adsorption and desorption can be expressed as below [12].

Rads = kads exp(−Eads
RT

)CNH3(1− θNH3) (3.5)

Rdes = kdes exp(−Edes
RT

)θNH3 (3.6)

where Rads and Rdes represent the chemical reaction rate (mole/sec); T is temperature

(K); kads, kdes, Eads, Edes and R are constants; CNH3 is the concentration of NH3

(mole/m3); and θNH3 is the ammonia surface coverage ratio [3] defined by,

θNH3 =
MNH3

∗

Θ
(3.7)

where MNH3

∗ is the mole number of ammonia stored in the SCR substrate and Θ is

the ammonia storage capacity (mole) which is temperature dependent, Θ = S1e
−S2T .

This means that less ammonia can be stored in the catalyst if temperature is higher

and less ammonia can react with NOx, which will easily lead to higher NH3 slip.
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Importantly, the adsorbed ammonia can be oxidized to NO when the temperature is

higher than 450 ◦C. Based on the assumptions that reaction rates of SCR system

are assumed to be a function of the gas phase concentration of NOx and ammonia

storage [22], the ammonia oxidation can be described by the following expressions [3].

NH3 + 1.25O2 → NO + 1.5H2O (3.8)

Roxi = koxi exp(−Eoxi
RT

)θNH3 (3.9)

NOx Reduction

NOx reduction reactions are the main reactions in the SCR system. When entering

the SCR converter, the NOx can catalytically react with the adsorbed ammonia and

be converted to N2 according to the following reactions [3, 22].

4NH3 + 4NO +O2 → 4N2 + 6H2O (3.10)

2NH3 +NO +NO2 → 2N2 + 3H2O (3.11)

4NH3 + 3NO2 → 3.5N2 + 6H2O (3.12)

Since more than 90% of the engine-out NOx is usually NO [12], the reaction (3.10) is

considered as the dominant reaction in NOx reduction and called “standard SCR”.

Similarly, the reaction (3.11) and (3.12) are called “fast SCR” and “slow SCR”,

respectively according to their reaction rates. The NOx reaction rate is showed in
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the following reaction,

Rred = kred exp(−Ered
RT

)CNOθNH3 (3.13)

3.4.2 Three-state SCR Model

Based on the molar balance, the main SCR dynamics can be described by the following

equations [12], 
ĊNO = Θ(Roxi −Rred)

θ̇NH3 = Rads −Rdes −Rred −Roxi

ĊNH3 = Θ(Rdes −Rads)

(3.14)

Based on Continuous Stirred Tank Reactor (CSTR) approach and mass conservation

law, the SCR model is developed by using the above dynamic equations. A simple but

sufficient accurate model presented and validated in [12] was adopted and expressed

by the following equations.


ĊNO = −CNO

(
ΘrredθNH3 + F

V

)
+ θNH3Θroxi + F

V
CNO,in

θ̇NH3 = −θNH3 (radsCNH3 + rdes + rredCNO + roxi) + radsCNH3

ĊNH3 = −CNH3

(
ΘrredθNH3 + F

V

)
+ θNH3Θroxi + F

V
CNH3,in

(3.15)

whererx = kx exp(− Ex

RT
), x = red, oxi, ads, des; CNO, CNH3 are the tailpipe NOx and

ammonia concentrations; CNH3,in is the pre-SCR ammonia concentration; UAdblue is

the input of AdBlue controlled by the SCR controller; CNO,in is the engine exhaust

NOx concentration; F is exhaust volume flow rate; and V is SCR catalyst volume.
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3.4.3 Problem Formulation and Design Objective

Full-state estimation of the SCR system in [19] was designed based on the equa-

tions (3.15). However, four sensors (two ammonia sensors and two NOx sensors) are

required to sense the concentration of NOx and ammonia before and after the SCR

system, as can be seen in Figure 3.2. The high cost makes it unpractical for mass pro-

duction uses. To reduce the use of the NOx sensors and improve the robustness of the

Figure 3.2: Sensors for SCR system

estimation, the sliding mode observer [4] and discrete-time smooth variable structure

estimator [5] were proposed based on part of the three-state model as below,

 θ̇NH3 = −θNH3 (radsCNH3 + rdes + rredCNO + roxi) + radsCNH3

ĊNH3 = −CNH3

(
ΘrredθNH3 + F

V

)
+ θNH3Θroxi + F

V
CNH3,in

(3.16)

However, the ammonia sensors are still used in both methods, which are very expen-

sive and unavailable to use in production after-treatment systems. To reduce exhaust

gas sensors and avoid using ammonia sensors, in Figure 3.3, one NOx sensor before

the SCR system and one or two different NOx sensors after the SCR system are ap-

plied to estimate the ammonia storage ratio. Also, the objective of this approach is

to estimate the ammonia storage ratio by using NOx sensor only. Therefore, partial

three-state model is required to estimate the ammonia storage ratio based on the

63



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

Figure 3.3: NOx Sensors only for SCR system

NOx dynamic model in the following,

ĊNO = −CNO
(

ΘrredθNH3 +
F

V

)
+ θNH3Θroxi +

F

V
CNO,in (3.17)

Equation (3.17) shows that the NOx sensor is required only to measure the NOx con-

centration before and after the SCR system. However, it is very difficult to estimate

the ammonia storage ratio directly by (3.17) since the ammonia storage ratio is not

a state. Equation (3.17) can be converted to the following form,

ẋ = f(x) + g1(x)u+ g2(x)d (3.18)
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where



x = CNO

f(x) = −ax

g1(x)u = au

g2(x) = (b− cx)

d = θNH3

u = CNO,in

a =
F

V
, b = roxiΘ, c = Θrred

, in which a, b, c are positive parameters. There-

fore, the ammonia storage ratio estimation is transformed into a NDO problem.

3.5 Nonlinear Disturbance Observer based Esti-

mation of Ammonia Storage Ratio

The ammonia storage ratio estimation methods based on the nonlinear function of

NOx dynamic equation (3.18) are proposed in this section. In this section, two dif-

ferent nonlinear-disturbance-observer-based design methods are presented and their

stability and noise attenuation properties are analyzed in details.

3.5.1 Regular Nonlinear Disturbance Observer

Design of Regular NDO

In the subsection, the design principle of the regular Nonlinear Disturbance Observer

[9–11] is introduced.

Assumption 1: There exists a positive constant d̄ such that the variation of the
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disturbance is bounded as expressed below [10],

∣∣∣ḋ∣∣∣ ≤ d̄ (3.19)

where d̄ is an unknown positive constant.

Assumption 2: It is assumed that a smooth function h(x) exists such that the

relative degree from d to h(x), r, is uniform well-defined for all x and t [10].

For a system in the following form [9–11], with assumption 1 and assumption

2,  ẋ = f(x) + g1(x)u+ g2(x)d

y = h(x)
(3.20)

where f(x), g1(x), g2(x), h(x) are known functions, u is the input of the dynamic

model, y is the measurement output, d is and unknown, time-varying disturbance, the

regular Nonlinear Disturbance Observer can be designed by the following equations,

 ż = −l(x)g2(x)z − l(x)(g2(x)p(x) + f(x) + g1(x)u)

d̂ = z + p(x)
(3.21)

where p(x) and l(x) are chosen as following equations,


p(x) = KLr−1

f h(x)

l(x) =
∂p(x)

∂x

(3.22)

where r is the relative degree from the disturbance d to the output , Lr−1
f h(x) is Lie

derivatives [13].
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Lemma 1: With assumption 1 and assumption 2, there always exists an ob-

server gain K so that the observer of equation (3.21) can be bounded-input-bounded-

output (BIBO) stable.

Proof of Lemma 1 can be seen in Appendix A of Ref. [10].

Remark 1: Let n(x) denotes Lg2L
r−1
f h(x). The observer gain K should be de-

termined to be positive when n(x) > 0 and to be negative when n(x) < 0; The

disturbance estimation error can be bounded by choosing the observer gain K and

the estimation error can be bounded in steady state as below,

∣∣∣∣ d̄

K ∗ n0

∣∣∣∣ (3.23)

where n0 = minx |n(x)| , is a positive scalar.

The Stability Analysis for Ammonia Storage Ratio Estimation

The ammonia storage ratio is treated as the external disturbance and estimated by

the nonlinear disturbance observer. To guarantee that the estimation of ammonia

storage ratio can converge to the real ammonia storage ratio in the SCR system, the

assumption 1, assumption 2, and remark 1 are required to be satisfied. In SCR

system, the disturbance is the ammonia storage ratio and its dynamic is expressed

below,

θ̇NH3 = −θNH3 (radsCNH3 + rdes + rredCNO + roxi) + radsCNH3 (3.24)

where rads, rdes, rred, roxi are constants in SCR systems. θNH3 is the ammonia storage

ratio and between 0 and 1 (0 ≤ θNH3 ≤ 1) in SCR systems. CNH3 , CNO are the

concentration of ammonia and NOx measured by sensors and they are bounded in
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SCR systems as expressed below,

 0 < CNH3 < C̄NH3

0 < CNO < C̄NO

(3.25)

where C̄NH3 and C̄NO are positive values. Thus, the ammonia storage ratio is bounded

as below, ∣∣∣ḋ∣∣∣ =
∣∣∣θ̇∣∣∣ ≤ d̄ (3.26)

Therefore, it can be concluded the dynamic of the ammonia storage ratio in SCR

systems can satisfy the assumption 1. In SCR systems, the measurement dynamic

can be expressed by the following form,

y = h(x) = x (3.27)

The relative degree can be calculated by equation (3.27) and r = 1, which satisfies

the assumption 2. According to the regular nonlinear disturbance observer design,

n(x), p(x) and l(x) can be obtained by the following equations,


n(x) = Lg2L

r−1
f h(x) = g2(x)x

p(x) = KLr−1
f h(x) = Kx

l(x) =
∂p(x)

∂x
= K

(3.28)

To satisfy the remark 1, the observer gain K is chosen by the following equation,

K = k ∗ sign(g2(x)x), k > 0 (3.29)
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Therefore, the observer gain K is positive when g2(x)x > 0 and negative when

g2(x)x < 0, which meets the remark 1. After all three conditions are satisfied, the

observer error dynamics is BIBO (input-bounded-output-bounded) stable [10]. Thus,

the parameter can be manually adjusted for the estimation of ammonia storage ratio.

Noise Attenuation Properties

In the SCR system, the measurement noise is common in the NOx sensors. The

measured state can be denoted by,

xn = x+ n (3.30)

where n is the measurement noise. Based on equation (3.21) and (3.28), the estimated

disturbance can be expressed as below,

d̂ = z + p(xn) = z +K(x+ n) (3.31)

This means that the disturbance d̂ estimated in equation (3.31) is contaminated by

the high-frequency measurement noise, due to the term K(x+ n).

3.5.2 Robust Nonlinear Disturbance Observer

To address the noise attenuation problem in regular Nonlinear Disturbance Observer,

a robust Nonlinear Disturbance Observer design is proposed, motivated by the robust

design techniques in [7] and [8].

69



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

Design of Robust NDO

For the nonlinear system (3.18), with the assumptions that the disturbance d, 1st order

derivative ḋ and 2nd order derivative d̈ are bounded, the robust Nonlinear Disturbance

Observer can be designed as following,


d̂ = z +Kx̂

ż = −Kg2(x̂)(z +Kx̂)−K(f(x̂) + g1(x̂)u)

˙̂x = g2(x̂)d̂+ f(x̂) + g1(x̂)u− L(x̂− x)

(3.32)

where K,L are observer gains that we can choose to guarantee the estimated distur-

bance d̂ can converge to d.

The Stability Analysis for Ammonia Storage Ratio Estimation

To guarantee the estimation of the ammonia storage ratio in the reasonable range, the

estimation disturbance d̂ is limited in the boundedness region. Based on the equation

(3.18), the observer for SCR system can be transformed to the following form,



d̂ = z +Kx̂

ż = −K(b− cx̂)(z +Kx̂)−K(−ax̂+ au)

˙̂x = (b− cx̂)d̂− ax̂+ au− L(x̂− x)

0 ≤ d̂ ≤ 1

(3.33)
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Denoting the estimation error of the disturbance as de, the 1st order derivative of de

can be obtained by the following expression,

ḋe = ḋ− ˙̂
d = ḋ− ż −K ˙̂x

= ḋ+Kg2(x̂)z +K(Kg2(x̂)x̂+ f(x̂) + g1(x̂)u)

−Kg2(x̂)d̂−Kf(x̂)−Kg1(x̂)u+KL(x̂− x)

= ḋ−KLx̃

(3.34)

where x̃ refers to x− x̂, de refers to d− d̂, ḋ is the 1st order derivative of d. The 2nd

order derivative of de can be obtained by the following expression,

d̈e = d̈−KL ˙̃x

= d̈−KL(f(x) + g1(x)u+ g2(x)d− g2(x̂)d̂− f(x̂)− g1(x̂)u+ L(x̂− x))

= d̈−KL(−(a+ L+ c(d− de))x̃+ (b− cx)de)

(3.35)

where d̈ is the 2nd order derivative of d. Therefore, the following equation can be

obtained by eliminating the x̃ through equation (3.34) and (3.35),

d̈e + (a+ L+ cd)ḋe − cdeḋe + (cḋ+KL(b− cx))de = d̈+ (a+ L+ cd)ḋ (3.36)

The observer gain is K = ksgn(b− cx), k > 0, L > 0. Therefore,

d̈e + (a+ L+ cd)ḋe − cdeḋe + (cḋ+ kL |b− cx|)de = d̈+ (a+ L+ cd)ḋ (3.37)
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Let e1 = de, ė1 = ḋe = e2, the equation (3.37) can be transformed to the following

form,  ė1 = e2

ė2 = D + ce1e2 −Me2 −Ne1

(3.38)

where D = d̈ + (a + L + cd)ḋ, M = (a + L + cd), N = (cḋ + kL |b− cx|). D, M

and N are bounded based on the SCR system and the observer gains k and L. Let

η =

e1

e2

 , then equation (3.38) can be transformed to the following form,

η̇ = Aη + hD (3.39)

where A =

 0 1

−N ce1 −M

, hD =

 0

D

. hD is bounded.

Based on the SCR system (0 ≤ d ≤ 1) and the limitation (0 ≤ d̂ ≤ 1) of the

robust nonlinear disturbance observer, we can know that,

0 ≤ |de| ≤ 1 (3.40)

Therefore, the observer gain k and L can be chosen so that A is Hurwitz.

Lemma 2: With the assumption that A is Hurwitz, the observer state η for

equation (3.39) is bounded for any bounded hD. The proof is given in Appendix A.
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Noise Attenuation Properties

Given the measurement noise of equation (3.30), the estimated disturbance is ex-

pressed by the following equation,

d̂ = z +Kx̂

= z +K
t∫

0

{g2(x̂)d̂+ f(x̂) + g1(x̂)u− L(x̂− xn)}dt

= z +K
t∫

0

{g2(x̂)d̂+ f(x̂) + g1(x̂)u− L(x̂− x))}dt+KL
t∫

0

ndt

(3.41)

Compared with regular NDO, the robust NDO eliminate the noise effect by integration

as demonstrated in equation (3.41).

3.6 Simulation Results

The performances of the robust NDO and regular NDO were demonstrated through

the full-vehicle simulation of the FTP-75 test cycle in Simulink environment. Through

the simulation, the following performances of both proposed nonlinear disturbance

observers are illustrated: 1) the effectiveness of both estimation approaches; 2) the

noise attenuation properties of the robust NDO and the regular NDO. Since both

regular NDO and robust NDO are BIBO stable and subjected to measurement noise,

the tuning principle of the observer parameter k and L is to balance the estimation

performance and the noise tolerance. In this simulation, the parameters of k and L

were selected as k = 20, L = 20.
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3.6.1 Main Variables during FTP-75 test

To test the robust NDO and regular NDO, the light-duty vehicle model built in GT-

Power environment is used. The engine model of the light-duty vehicle model is a

map-based model based on a 3 L turbocharged Diesel engine. The FTP-75 (Federal

Test Procedure) has been used for emission certification and fuel economy testing for

light-duty vehicles in the United States. The mole fraction of NOx, the exhaust gas

flow rate before SCR, SCR temperature, and vehicle speed during the FTP-75 test

are demonstrated in Figure 3.4.

Figure 3.4: The temperature and total NOx out of the engine
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3.6.2 Performance of both NDOs when NOx Sensor without

Ammonia Cross-sensitivity

In this scenario, it is assumed that the NOx sensor can get accurate value, although

the NOx sensor would have ammonia cross-sensitivity. In fact, two different NOx

sensors are used in [6] to eliminate the ammonia cross-sensitivity, avoiding the use of

expensive ammonia sensor. Two different NOx sensors (see Figure 3.3) are used to

estimate the accurate NOx concentration and sensor reading values can be expressed

in the following [6],

 CNOx,sen1 = CNOx +Kcs1 ∗ CNH3

CNOx,sen1 = CNOx +Kcs2 ∗ CNH3

(3.42)

According to equation (3.42) the NOx concentration can be calculated by the follow-

ing expression,

CNOx =
Kcs2 ∗ CNOx,sen1 −Kcs1 ∗ CNOx,sen2

Kcs2 −Kcs1

(3.43)

Therefore, it is feasible to eliminate the ammonia cross-sensitivity without using am-

monia sensors.
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Figure 3.5: Estimation performance of regular NDO without measurement noise

Figure 3.6: Estimation performance of robust NDO without measurement noise
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In Figure 3.5, most of the estimation errors are lower than 0.05, which shows good

performance of the regular NDO (NDO in all the figures refers to the regular NDO)

to estimate the ammonia storage ratio. In Figure 3.6, most of the estimation errors

are lower than 0.084, which demonstrated that the robust NDO can also effectively

estimate the ammonia storage ratio. To further discuss the noise attenuation abilities

of both nonlinear disturbance observer, high-frequency white noise was added to the

NOx measurement. The measurement noises are uniformly distributed in the range

[-10 10] ppm based on the NOx sensor characteristics. In Figure 3.7, the estimation

errors have high-frequency errors due to the measurement noise. Furthermore, the

estimation errors reach 0.4 at some points. Although there are also high-frequency

errors, the estimation errors are almost half of that of regular NDO, as can be seen

in Figure 3.8. Thus, compared with regular NDO, robust NDO has better noise

attenuation performance. This is due to the difference between their noise attenuation

properties analyzed in Section 3.5.1 and Section 3.5.2.
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Figure 3.7: Estimation performance of regular NDO with measurement noise

Figure 3.8: Estimation performance of robust NDO with measurement noise
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3.6.3 Performance of both NDOs when NOx Sensor with Am-

monia Cross-sensitivity

In this scenario, one NOx sensor after the SCR system is used and has ammonia

cross-sensitivity issue. The NOx slip and ammonia slip are demonstrated in Figure

3.9. Kcs is assumed as a constant and Kcs = 0.5. Then the NOx sensor reading value

can be expressed in the following [3],

Figure 3.9: NOx slip and NH3 slip

CNOx,sen = CNOx +Kcs ∗ CNH3 (3.44)

As can be seen in Figure 3.10 and Figure 3.11, when there exists ammonia slip,

the estimation of ammonia storage ratio will be lower than that of model prediction.

However, when there is no ammonia slip, the estimation of ammonia storage ratio can

converge to that of model prediction very fast. Although some peak estimation errors

are as high as 0.2 due to the peak value of ammonia slip, most estimation errors are
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lower than 0.074. Since the ammonia slip is limited in the stringent regulations, the

SCR system is required to have very low ammonia slip, even close to zero. Therefore,

both regular NDO and robust NDO can effectively estimate the ammonia storage

ratio and have similar performance when there is no measurement noise.

Figure 3.10: Estimation performance of regular NDO with ammonia cross-sensitivity
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Figure 3.11: Estimation performance of robust NDO with ammonia cross-sensitivity

In this scenario, the measurement noises are also uniformly distributed in the

range [-10 10] ppm. In Figure 3.12, the estimation errors of regular NDO have high

frequency errors due to the measurement noise. Furthermore, the estimation errors

can be as high as 0.4 at some points. From Figure 3.13, although high frequency errors

exist, the estimation errors are lower than that of regular NDO. Compared Figure 3.12

with Figure 3.13, the robust NDO has a better noise attenuation properties than the

regular NDO. This consistently matches the noise abilities as investigated in Section

3.5.
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Figure 3.12: Estimation performance of regular NDO with ammonia cross-sensitivity

and measurement noise

Figure 3.13: Estimation performance of routbust NDO with ammonia cross-sensitivity

and measurement noise
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3.7 Conclusion

In this work, two different observer-based approaches are proposed to estimate the

ammonia storage ratio. The ammonia storage ratio is treated as an external dis-

turbance and estimated by the Nonlinear Disturbance Observer based on the NOx

dynamic model. The stabilities and noise attenuation abilities of both observers are

demonstrated to guarantee the convergence of the ammonia storage ratio. To im-

prove the performance of the observer against to the high-frequency measurement

noise, a robust NDO was designed, motivated from the robust estimation technique

and specially improved from the regular NDO. The stability of the robust NDO was

also analyzed in details. The simulation results demonstrated that both NDO (reg-

ular NDO and robust NDO) can effectively estimate the ammonia storage even in

cases where ammonia cross-sensitivity affects response. However, the robust NDO

has better noise attenuation performance by comparing with the regular NDO.
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4.2 Abstract

Urea-based Selective Catalytic Reduction (SCR) systems are effective ways in Diesel

engine after-treatment systems to meet increasingly stringent emission regulations.

To achieve high NOx reduction efficiency and low NH3 slip, the control of the SCR

system becomes more challenging, especially in transient operating conditions with

model uncertainties. To effectively address this issue, this paper proposed a compound

control strategy with a switching mechanism between an Active Disturbance Rejection

(ADR) controller and a zero-input controller. The ADR controller estimates and

rejects the total (internal and external) disturbances from the SCR system when the

exhaust gas temperature is high and its variation is small. The zero-input controller

is used to lower ammonia surface coverage ratio to avoid high ammonia slip when

exhaust gas temperature suddenly rises. The proposed control strategy is validated

through a high-fidelity GT-Power simulation for a light-duty Diesel engine over steady

states and FTP-75 test cycle. Its effectiveness is demonstrated especially in rapidly

transient conditions with model uncertainties.

4.3 Introduction

Diesel engines are major power sources for automobile applications due to their dura-

bility and high fuel efficiency. However, the lean burn conditions of Diesel engines

lead to high NOx emission which contributes to acid rain and smog formation, and

have been linked to incidence rates for respiratory tract irritation, infection, asthma

[1]. Although some advance engine control technologies can reduce engine-out NOx,
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the after-treatment systems are still necessary to further lower the engine NOx emis-

sions to meet the stringent emission limits [2]. Selective catalytic reduction (SCR)

system is a promising after-treatment technique to reduce the NOx emission and has

been adopted by many new production vehicles [3].

In SCR system, the urea (Adblue) is injected and converted to ammonia (NH3)

to reduce NOx by chemical reaction on the catalytic surface. It is critical to control

the amount of urea injection to avoid emission from two aspects. For one aspect, a

large amount of ammonia input has a high NOx reduction efficiency, but it may leads

to high ammonia slip that have been considered as emission into Euro VI regulations

[4]. For another aspect, less ammonia input leads to lower NOx reduction efficiency

such that the emission regulations cannot be satisfied. Control of the SCR system has

become a challenging issue due to future emission legislation and in-use compliance

requirement. Several control methods [5–10] were proposed to address this issue.

Model-based or MAP-based Feed-forward control strategies are sufficient to meet

Euro-IV and Euro-V emission standards [5]. However, to meet future emission and

in-use compliance requirements, closed-loop SCR control is required [6].

To achieve close-loop SCR control, NOx sensors and ammonia sensors are used.

NOx (NO/NO2) can be measured by NOx sensors, so that it can be used to compen-

sate the feed-forward control. But it can easily lead to high NH3 slip [5] and NOx

sensor has ammonia cross-sensitivity issue [7]. Ammonia concentration at down-

stream of SCR system have been reported to be used for feedback control in [5].

Ammonia surface coverage or ammonia surface coverage ratio feedback control was

proposed because it can achieve high NOx reduction efficiency and low NH3 slip at

the same time [5]. The ammonia surface coverage cannot be directly measured but
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can be estimated by observer [5, 6, 8], which requires accurate control-oriented mod-

els. Several studies [4–9] proposed three-state SCR models, assuming that all NOx

are only NO in the exhaust gas. However, high rate of production for NO2 in mod-

ern DOC based after-treatment systems yields four-state models [10] including both

NO and NO2 reactions. An adaptive model predictive control (MPC) proposed in

[9] shows its effectiveness in dealing with both NH3 slip and NOx inefficiency issues

at the same time. However, the adaptive MPC requires relatively high computation

effort and a relatively accurate model.

Although control oriented and lumped parameter models can be used to estimate

states of SCR dynamic system, there exist some problems in model-based control.

The main challenges in model-based control are the system disturbances and model

uncertainties. The disturbances consist of both internal disturbances and external

disturbances. The aging and system degradation of SCR application, urea injection

inaccuracy, urea injection constrain, the ammonia buffering in the SCR catalyst are

referred to as the internal disturbances. External disturbances include the exhaust

gas flow mass ratio, the exhaust gas temperature, the ratio of NO/ NO2, NOx sensor

cross-sensitivity, measurement noise and etc. The model uncertainties include pa-

rameter uncertainties, state estimation errors and so on. To deal with these issues,

an ammonia surface storage feedback adaptive control integrated with ammonia feed-

back PI controller was proposed to compensate and adapt the ammonia storage ratio

control [5]. To make the control effective in [5], proper PI parameters need to be

selected and therefore calibration efforts are still required.

In this paper, a novel NH3 feedback compound control strategy based on the

active disturbance rejection control (ADRC) concept [11–14] is proposed to avoid the
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aforementioned problems in model-based control. The contributions of this paper

are: 1) a novel, model-free Active Disturbance Rejection (ADR) controller is pro-

posed to reject total (internal and external) disturbances. 2) A switching mechanism

with ADR controller and a zero-input controller is designed to avoid high ammonia

slip when exhaust gas temperature suddenly rises. 3) The estimation of ammonia

surface storage ratio is by-passed to avoid the inaccuracy from model uncertainties

and disturbances.

The rest of the paper is organized as following. The principle and modeling

of the SCR system are demonstrated in section 4.4. The compound control strat-

egy with a switching mechanism between an ADR controller and a zero-input con-

troller is presented in section 4.5. In section 4.6, high-fidelity simulations based on

experimentally-validated light-duty vehicle in GT-Power software are performed to

verify the proposed approach. The conclusion is given in section 4.7.

4.4 The Principle and Modeling of the SCR sys-

tem

Figure 4.1: Urea based SCR system for Diesel engines

This section presents the principle and modeling of the SCR system, and describes
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potential uncertainties and disturbances therein. The SCR system as part of the

after-treatment system is located in the exhaust gas pipe of Diesel engines. As can

be seen from Figure 4.1, NOx reduction occurs when the exhaust gas of the engine

goes through the SCR system. In SCR system, three events are mainly included:

1) The AdBlue is injected at upstream of the SCR system by the dosing unit and

converted to ammonia. 2) When entering the SCR system, the ammonia is adsorbed

by the substrate of the catalyst. 3) The ammonia adsorbed on the substrate reacts

with NOx and convert them to N2.

4.4.1 Principle of Selective Catalytic Reduction system

Adblue to ammonia

The demand amount of Urea is injected into the SCR system by dosing control.

The 32.5% aqueous urea solution (AdBlue) is used as the source of ammonia for SCR

system in vehicle applications because it is less hazardous, easier to handle and safer to

transport. AdBlue is converted to ammonia mainly by three processes: evaporation,

decomposition, and hydrolyzation [15], as shown in following equations.

NH2CONH2(liguid)→ NH2CONH2 ∗+ξH2O (4.1)

NH2CONH2∗ → HNCO +NH3 (4.2)

HNCO +H2O → +NH3 + CO2 (4.3)

Factors that affect Adblue evaporation are spatial droplet size and temperature [16].

So, the reaction rate depends on different Adblue injector designs and engine exhaust
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gas temperature. It has been reported that the above reaction generally starts from

200 ◦C and reaches a maximum reaction rate around 350 ◦C [17]. When the exhaust

gas temperature is less than 200 ◦C, the urea decomposition reaction can generate

byproducts such as cyanuric acid, biuret, melamine, ammelide and ammeline as de-

posits on pipe wall [18], which is the direct issue that affects the low temperature

performance of SCR system. In this paper, a compound control strategy is designed

to avoid this problem. The hydrolyzation process is inactive under temperature of 400

◦C. But it is reported that the reaction rate is faster than the SCR DeNOx reaction

rate in zeolite based SCR system [19]. Therefore, the concentration of ammonia is

very difficult to precisely predict by the AdBlue injection rate due to disturbances

and uncertainties such that the concentration of ammonia is typically modeled by the

following nonlinear and time-variant function,

CNH3,in = f1(F,UAdblue, T, t) (4.4)

where CNH3,in is the concentration of ammonia (mole/m3), the exhaust gas temper-

ature (K), t the time (s), F the exhaust gas flow rate (kg/s) and UAdblue the injection

rate of AdBlue at upstream of the SCR system (g/s).

Ammonia Adsorption/Desorption

The reaction is a modified version in [20]. When the NH3 entered the SCR system,

it can be adsorbed on the catalyst substrate and desorbed from the substrate, which

can be expressed [3].

NH3 + Z ↔ ZNH3 (4.5)
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where Z is the free SCR substrate site (not covered by NH3). The calculation of am-

monia adsorption rate assumes non-activated energy with adsorption process, while

the calculation of ammonia desorption rate accounts for activation energies associated

with desorption process [20]. The rate of ammonia adsorption and desorption can be

expressed by the following equations,

Rads = kadsCNH3(1− θNH3) (4.6)

Rdes = kdes exp[−Edes
RT

(1− γθNH3)]θNH3 (4.7)

where Rads, Rdes represent the chemical reaction rate (mole/sec), T the temperature

(K), kads, kdes, Edes and R constants, CNH3 the concentration of NH3 (mole/m3),

and θNH3 the ammonia surface coverage ratio [3] defined by:

θNH3 =
M∗

NH3

Θ
(4.8)

where M∗
NH3

is the mole number of ammonia stored in the SCR substrate, Θ the

ammonia storage capacity (mole) which is temperature dependent, Θ = S1e
−S2T .

This means that less NH3 can be stored in the catalyst and less NH3 can react with

NOx if the temperature is higher.

Ammonia and NO oxidation

Oxidation reactions have been studied to be more favored to happen on Zeolite based

catalysts than Vanadium based catalysts [21]. Specificaly, the adsorbed NH3 can be

oxidized to NO at temperature higher than 450 ◦C [3]. Although the NO oxidation

reaction is not commonly mentioned, it was demonstrated by [21] of being present in
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Fe-Zeolite based SCR system. The reaction, the reaction rate of ammonia, and NO

oxidation can be described by following equations,

ZNH3 + 1.5O2 → NO + 1.5H2O (4.9)

Roxi = koxi exp(−Eoxi
RT

)θNH3 (4.10)

0.5O2 +NO → NO2 (4.11)

RNOoxi
= kNOoxi

exp(−ENOoxi

RT
)(CNO

√
PO2 −

CNO2

keq
) (4.12)

where Roxi, RNOoxi
represents the chemical reaction rate (mole/sec), koxi, kNOoxi

, Eoxi,

ENOoxi
, and keq constants, CNO, CNO2 the concentration of NO, NO2 (mole/m3), PO2

the mole fraction of O2.

NOx Reduction

After the ammonia is adsorbed by SCR system, it can then catalytically react with

NOx and convert them to N2. The main reactions in the SCR system are listed

below,

4ZNH3 + 4NO +O2 → 4N2 + 6H2O (4.13)

2ZNH3 +NO +NO2 → 2N2 + 3H2O (4.14)

4ZNH3 + 3NO2 → 3.5N2 + 6H2O (4.15)

The equation (4.13) is called “standard SCR”, because more than 90% of the Diesel-

exhaust NOx is usually composed of NO [22] and the reaction rate is fast. The

equation (4.14) is known as “fast SCR”, since its reaction rate can be one order
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of magnitude faster than the standard SCR reaction in [25]. The equation (4.15) in

commonly called “slow SCR” in Vanadium based SCR system. However it is reported

that this reaction can even faster than the “standard SCR” in Fe-Zeolite based SCR

catalyst. The reaction rate is showed in the following equations,

RNO = kNO exp(−ENO
R

(
1

T
− 1

473
))

CNOθNH3

1 +KLH
θNH3

1−θNH3

(
PO2

0.02
)β (4.16)

RFast = kFast exp(−EFast
R

(
1

T
− 1

473
))

CNO2

ε+ CNO2

CNOθNH3 (4.17)

RSlow = kSlowt exp(−ESlow
R

(
1

T
− 1

473
))CNO2θNH3 (4.18)

where RNO, RFast, RSlow represents the chemical reaction rate (mole/sec), kNO, kFast,

kSlow, ENO, EFast, ESlow, KLH , β,and ε the constants.

4.4.2 Model of Selective Catalytic Reduction system

There are several three-state [5–9], [22–24] and four-state [10] control-oriented models

of SCR system based on Continuous Stirred Tank Reactor (CSTR) approach and mass

conservation law. However, these models are based on some simple assumptions (e.g.

SCR system as a CSTR, urea can be fully converted into ammonia, engine-out NOx

are fully NO) and lose much information. Moreover, several parameters are needed

to be identified and these parameters may change during the lifetime of the SCR

system. In conclusion, the SCR model is expressed by following nonlinear and time
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variant functions.

ĊNO = f2(CNO, CNO2 , θNH3 , CNH3 , CO2 , T, t) + F
V
CNO,in

ĊNO2 = f3(CNO, CNO2 , θNH3 , CNH3 , CO2 , T, t) + F
V
CNO2,in

θ̇NH3 = f4(CNO, CNO2 , θNH3 , CNH3 , CO2 , T, t)

ĊNH3 = f5(CNO, CNO2 , θNH3 , CNH3 , CO2 , T, t) + F
V
f1(F,UAdblue, T, t)

(4.19)

where V is the SCR catalyst volume(m3), f1 to f5 the nonlinear and time variant

functions which are very difficult to get exact expression.

4.5 Compound Controller Design

Typically, the major factors related to NOx conversion efficiency of SCR system are

the NO2/NO ratio, the exhaust gas temperature and the ammonia storage ratio.

To enhance the NO2/NO ratio, it requires a pre-oxidation catalyst. Controlling the

exhaust gas temperature requires after-treatment thermal management by controlling

EGR or injection timing of the engine, which is out of the scope of this paper. Since

ammonia storage ratio cannot be measured, the objective of this paper is to explore

indirect method, maintaining the ammonia slip lower than 10 ppm on average and 25

ppm at peak, to regulate the ammonia coverage ratio for enhancing NOx reduction.

The ammonia emission is regulated in UERO VI and the ammonia slip limit of 10

ppm on average and 25 ppm at peak is applied [24].

Specifically, three major factors lead to the ammonia slip: temperature rise, am-

monia overdosing and ammonia precursor [27]. There are different measures (e.g.

SCR+AMOX [27], two-cell SCR [28], advanced dosing strategy [5, 9, 28]) to account
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for ammonia slip. Advance dosing strategy is another method besides Ammonia oxi-

dation catalyst (AMOX) and two-cell SCR to limit the ammonia slip. In this paper,

the ammonia precursor is ignored in the model and an advanced ammonia feedback

dosing strategy is designed to regulate ammonia slip and ammonia coverage ratio.

According to the nonlinear and time-variant model of SCR system in Section 4.4,

it is challenging to get an exact model and design a robust model-based controller.

A compound control strategy with a switching mechanism between an Active Dis-

turbance Rejection controller and a zero-input controller is developed to achieve the

control target. Figure 4.2 shows the structure of the compound control strategy.

Based on the profile of the SCR system, the zero-input controller is designed by

setting the input to zero. The switching mechanism is designed to avoid the high am-

monia slip when the temperature rises, and the ADR controller is designed to avoid

overdosing. To make average ammonia slip lower than 10 ppm, the desired value of

the ammonia slip is set to 8 ppm.

Figure 4.2: ADRC combined with a switch controller
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4.5.1 ADR Controller design

The ADR controller consists of an Extended State Observer and a Disturbance Re-

jection Controller. Figure 4.3 is the structure of ADR controller for SCR system.

Figure 4.3: ADRC controller design for SCR system

Extended state observer(ESO) design

Different from building the exact model and identifying the parameters of the dynamic

system, the method of ESO is to treat the total disturbance of the system as an

extended state of the system and to estimate it in real time. Based on the concept of
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ESO, Let x1 = CNH3 , then the model (equation (4.19)) can be transformed to below,

 ẋ1 = f + b0u

y1 = x1

(4.20)

where f = f5(CNO, CNO2 , θNH3 , CNH3 , CO2 , T, t) + F
V
f1(F,UAdblue, T, t) − b0u, u =

UAdblue, y1 = x1 = CNH3 . Here, f contains model mismatch and total disturbances

including external disturbances and internal disturbances of SCR system. So f is the

total disturbance that we need to reject in the controller; Assuming f is differentiable

such that equation (4.20) can be rewritten in the following state space form,


ẋ1 = x2 + b0u

ẋ2 = ḟ = h

y1 = x1

(4.21)

where the state is augmented with x2 = f . Basing on the SCR system, we can know

that h is bounded. Then, the ESO can be designed in the following form,


˙̂x1 = x̂2 + b0u+ l1(y1 − ŷ1)

˙̂x2 = l2(y1 − ŷ1)

ŷ1 = x̂1

(4.22)

where x̂ = [x̂1, x̂2]T ∈ R2, and l = [l1, l2]T are the observer gain vector, which can be

calculated by the pole placement method. According to [26], the observer gain vector

can be easily tuned after parameterization in the following form,

[l1, l2]T = [2ω0, ω
2
0]
T

(4.23)
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Then, the ESO has two parameters to specify: b0 and ω0. According to the profile of

the process converting Urea injection to ammonia, we let b0 = 1. The latter is a tuning

parameter which amounts to the bandwidth of the observer. For adjusting ω0, the

trade-off can be easily made between estimation performance and noise-sensitivity.

In generally, the larger ω0, the more accurate the estimation is, but also be more

sensitive to the noise. In this paper, we set ω0 = 100 to achieve good estimation

performance.

Disturbance Rejction Controller design

With the extended state observer, the augmented state x2 = f can be estimated in

real-time. Then, the controller can be designed to compensate the total disturbance

in real-time, which can convert equation (4.20) to 1st Order Integrate Cascade form.

And a Proportional controller is designed to control the 1st order Integrate Cascade

system. Then, the controller designed can be expressed by the following form,

u =
kp(r − x1)− x2

b0

(4.24)

where kp is a tuning parameter, r the desired trajectory. Then, the system (3.1) can

be turned into the following form,

ẋ1 = f − x̂2 + kp(r − x̂1) (4.25)

For a well-turned ESO, x̂2 can track f closely. The term f − x̂2 in (4.25) can be

turned into a little bounded error, which makes equation (4.25) become a bounded

input and bounded output (BIBO) stable by tuning the parameter kp.
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4.5.2 Switching Mechanism Design

Figure 4.4: The conditions before and after the input hits zero

The phenomena that the SCR system can store more ammonia in the catalyst

at low temperature than high temperature and that the sharply rising temperature

can lead to high NH3 slip from the catalyst are demonstrated in section 4.4. On

the control point of view, because of the saturation of the input, the disturbance

cannot be rejected after the input hits zero, which leads to high ammonia slip when

the temperature rise up rapidly from low temperature (see Figure 4.4). To avoid

high NH3 slip at downstream of the SCR system, the controller should be set to zero

before the input hits zero. To address this issue, the compound control strategy is

designed with a zero-input controller and a switching mechanism (see Figure 4.2). In

the switching mechanism, the temperature, the increasing rate of the temperature,

the input of the controller and the increasing rate of f observed by the ESO are
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detected. The compound controller will be switched to zero-input controller when

the following conditions meet. 1) The temperature should be lower than a threshold;

2) The increasing rate of the temperature is greater than a threshold; 3) The input

is lower than a threshold related to temperature; 4) The rate of total disturbance f

is increasing.

4.6 Simulation Results

The compound strategy was validated over steady-state operating conditions and

FTP-75 test cycle in co-simulation between GT-Power and Matlab/Simulink envi-

ronment.

4.6.1 Light-duty Vehicle Model

To test the compound control strategy, the light-duty vehicle model is used. Figure

4.5 shows a 1-D vehicle model built in GT-power environment with 5 different com-

ponents: Driver, ECU, Engine, Vehicle and After-treatment systems. Driver Model

is to track the test cycle to make the Engine and After-treatment system operate in

different operation conditions. The parameters can be changed in the after-treatment

system for simulating different aging problems such as injector inaccuracy and am-

monia surface storage capacity reduction. This particular Engine is based on a 3-liter

turbo-charged Diesel engine and the SCR system is about 5 liters. The engine model

is a map-based model and the SCR model is a modified version referenced from [20].
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Figure 4.5: The light-duty vehicle model built in GT-POWER

4.6.2 Steady State test

When the engine is on steady state, the mole fraction of NOx, the exhaust gas

temperature and the exhaust gas flow rate out of engine are constant values. But

for the SCR system and the compound controller, these conditions are unknown

disturbances. The objective of the compound control strategy is to regulate the

ammonia storage by ammonia feedback control and make the ammonia slip near 10

ppm as much as possible to have a high NOx reduction efficiency. Therefore, the 8

ppm is selected as the control set-point to make the control output near 10 ppm as

much as possible and make the average ammonia slip lower than 10 ppm but very

close to 10 ppm. Based on this control target, the control output should not be

strictly tracking the 8 ppm and it is acceptable if the control output is close to 10

ppm. So, the compound controller can fulfil the target in Figure 4.6. And Figure

4.7 demonstrates that the compound control strategy can have a high NOx reduction

efficiency about 82%.
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Figure 4.6: Ammonia input and output of compound control strategy when engine

on Steady state

Figure 4.7: NOx redution of compound control strategy when engine on Steady state

106



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

4.6.3 FTP-75 cycle

The FTP-75 (Federal Test Procedure) has been used for emission certification and

fuel economy testing of light-duty vehicles in the United States. As can be seen from

Figure 4.8, the FTP-75 test cycle is highly transient and the vehicle speed can track

the reference speed well.

Figure 4.8: The speed tracking in the FTP-75 test

4.6.4 The Outlet Conditions during the FTP-75 test cycle

The exhaust gas temperature, the mole fraction of NOx and the exhaust gas flow rate

are external disturbances of SCR system and vastly varied over FTP-75 test cycle.

From Figure 4.9 we can see the profile of temperature during the FTP-75 test. To

guarantee that the injected urea can be fully converted into NH3, the compound

control strategy can shut down injection when temperature is lower than 473K. It
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can be seen from Figure 4.10 that the mole fraction of NO and NO2 are different.

However, it is difficult to measure the exact amount of NO and NO2 by NOx sensor.

In Figure 4.11, the variation of exhaust gas flow rate is demonstrated. It can be seen

from these two figures that the external disturbances change rapidly, which makes it

challenging for the SCR control.

Figure 4.9: The temperature out of the engine
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Figure 4.10: The mole fraction of the NO and NO2 at upstream of the SCR system

Figure 4.11: The flow mass rate of the exhaust gas out of engine
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4.6.5 The Internal Conditions of SCR system during the

FTP-75 test cycle

Several parameters and states of the SCR system play important role in the reaction

rate. Some parameters and states cannot be measured, for example the ammonia

surface coverage ratio. From Figure 4.12, we can see that the profile of ammonia

surface coverage ratio, which varied greatly during FTP-75 test. Some reaction pa-

rameters Θ, kx and rx (x = ads, des, oxi) can be identified by using the experiment

data. However, the accurate values cannot be obtained because they will change

during life time. These variable dynamics are treated as internal disturbances of the

SCR system and be rejected by the compound control strategy.

Figure 4.12: The variation of the ammonia surface storage ratio
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4.6.6 The Results of the Control Strategy without the Switch-

ing Mechanism

The control strategy without the switching mechanism is an ADR controller only,

which will lead to high ammonia slip when exhaust gas temperature change rapidly.

As can be seen in Figure 4.13, the amount of upstream ammonia (input) is large while

that of downstream ammonia (output) is small and the temperature is low, following

which the amount of downstream ammonia (output) is high while there is no upstream

ammonia (input) and the temperature rises sharply. From Figure 4.14, it can be

seen that the ammonia surface storage ratio dramatically rises when the amount of

upstream ammonia (input) is large, which means that when the temperature is low,

more ammonia can be stored in the SCR but when the temperature suddenly rises,

the stored ammonia desorbs and leads to high ammonia slip.

Figure 4.13: The ammonia input and downstream ammonia of the SCR system
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Figure 4.14: The variation of the ammonia surface storage ratio

4.6.7 The Results of Compound Control Strategy over FTP-

75 test cycle

Figure 4.15 and Figure 4.16 are the results of the compound controller over FTP-

75 test. The objective of the compound control strategy is to deliver the maximum

NOx efficiency consistent with NH3 slip constraints. The compound control strategy

regulates the ammonia storage by ammonia feedback control and make the ammonia

slip near 10 ppm as much as possible to have a high NOx reduction efficiency. From

Figure 4.15, we can see that the average mole fraction of ammonia slip can satisfy the

control target (lower than 10 ppm but very close to 10 ppm on average and 25 ppm

at peak) during the FTP-75 test. As can be seen clearly from Figure 4.16, a relative

high NOx reduction efficiency is obtained during the FTP-75 test (low temperature

test cycle). These results demonstrate that the compound control strategy with the
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switching mechanism can reject total disturbances and fulfil the control target during

the FTP-75 test. Figure 4.17 is the ammonia input of the SCR system.

Figure 4.15: Ammonia slip after SCR system
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Figure 4.16: NOx reduction after SCR system

Figure 4.17: Ammonia input at the upstearm of SCR system
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4.6.8 The Comparison of NOx Reduction Efficiency

The feed-forward open-loop controller is targeting a NH3/NOx ratio of 1.0. Urea

injection does not occur until the inlet gas temperature exceeds the injector controller

threshold temperature of 200 ◦C. Figure 4.18 demonstrates the cumulative NOx mass

before and after the SCR system under FTP-75 test. The NOx conversion efficiency

of compound control strategy is higher than that of feed-forward controller in Figure

4.18. Therefore, the compound controller can improve the NOx conversion efficiency

and make the NH3 slip within the regulation bounds.

Figure 4.18: Comparison between compound control and feed-forward control

4.6.9 Controller Performance over Aging Cases

This section is to test two different uncertainties in the SCR system: difference be-

tween desired ammonia concentration and real ammonia concentration, the difference

between design ammonia surface storage capacity and real ammonia surface storage
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capacity. The assumption in this paper is that the urea-to-ammonia concentration

is complete and the difference between desired ammonia concentration and real am-

monia concentration fully comes from urea injection inaccuracy. Urea injection inac-

curacy and ammonia surface storage capacity reduction are common aging problems

during the use of SCR system. Also, production variations in Urea Injectors and/or

real ammonia surface storage capacities commonly exist. These factors will affect the

performance of the controller. Three aging cases (+10% and -10% variations for the

Urea Injector, and 10% decrease for ammonia surface storage capacity) are adjusted

in the GT-power SCR model. Figure 4.19 and Figure 4.20 are the results of the com-

pound control strategy over the FTP-75 test in different aging cases. As can be seen

in Figure 4.19, although there are variations among different aging cases, the mole

fraction of downstream NH3 in three cases satisfied the target (lower than 10 ppm

on average and 25 ppm at peak). As can be seen in Figure 4.20, the SCR-out NOx

concentration is almost the same among different cases. These results demonstrated

that the controller can keep good performance during lifetime.
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Figure 4.19: Ammonia slip of Urea injection inaccuracy and ammonia storage decrease

due to aging

Figure 4.20: SCR-out NOx of Urea injection inaccuracy and ammonia storage de-

crease due to aging
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4.7 Conclusion

A novel compound control strategy with a switching mechanism between an Ac-

tive Disturbance Rejection Controller and a zero-input controller has been presented,

which uses downstream NH3 mole fraction as feedback signal. Basing on the prin-

ciple of SCR system, the compound control strategy is designed to reject the total

disturbance of the SCR system and to avoid high ammonia slip at downstream of SCR

system when temperature suddenly rises. The compound control strategy was tested

over the steady state and FTP-75 cycle test. The result shows that the compound

control strategy can achieve the control target (lower than 10 ppm on average and

25 ppm at peak). The potential of the compound control strategy was validated in

three different aging issues: +10% and -10% variations for the Urea injector and 10%

decrease for ammonia surface storage capacity. The proposed control strategy offered

significant robustness over FTP-75 test in these cases. It is clear that the proposed

control strategy can address problems rose by transient operation states and aging

conditions.
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5.2 Abstract

The mean temperature of Diesel Oxidation Catalyst (DOC) is critical for on-board

diagnostics and light off management. However, the mean temperature is difficult

to be measured in production aftertreatment systems. To effectively estimate the

mean temperature of a DOC, this paper presents two different filtering methods to

compensate model uncertainties and disturbances. In the proposed method, a regular

Smooth Variable Structure Filter (regular SVSF) was designed based on the reduced

order model of a DOC. The reduced order model was calibrated and validated by the

experimentally calibrated GT-power DOC model. Furthermore, to reduce estimation

errors of mean temperature caused by disturbances and model uncertainties, a state

disturbance was augmented to the reduced order model and the robust SVSF was

designed based on the augmented model. Experiments were conducted on the chassis

dyno with a Jetta Car for calibration and validation of the high-fidelity GT-power

DOC model. The effectiveness of both regular SVSF and roubust SVSF were verified

by high-fidelity GT-power DOC model. Simulation results based on the high-fidelity

GT-power DOC model exhibit that the robust SVSF with augmented disturbance

states can effectively estimate the mean temperature and has better estimation per-

formance than regular SVSF in the case where HC concentration for both filters is

much larger or smaller than real HC concentration.

5.3 Introduction

With increasingly stringent emission regulations, advanced diesel after-treatment sys-

tems are playing more and more important role in satisfying the current and coming
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legislations. The state-of-the-art Diesel after-treatment system usually consists of a

Diesel Oxidation Catalyst (DOC), a Diesel Particulate Filter (DPF) and a Selective

Catalytic Reduction system (SCR) or a NOx storage catalyst (also called Lean NOx

Trap, abbr. LNT), as can be seen in Figure 5.1. The DOC is mainly used to oxidise

the CO and HCs to CO2 and H2O and to convert NO to NO2 for passive regeneration

of DPFs and fast reactions of SCRs. In addition, the DOC is adopted to boost the

DOC-out temperature for active regeneration of DPFs. The emission conversation

efficiency of DOC highly depends on the mean temperature of a DOC, so the mean

temperature of a DOC is critical for fast light off management to reduce exhaust pipe

out emission, especially during the phase of cold start. However, the mean tempera-

ture of a DOC is not able to be directly measured. Therefore, the mean temperature

estimation is critical for DOC on-board diagnostics and fast light off management but

is challenging due to complex reactions and thermal dynamics in DOC.

Figure 5.1: Aftertreatment system configuration

Mathematical models are required for mean temperature estimation and control of
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a DOC. Several mathematical models for DOC have been reported in the literature.

The effectiveness of one-dimensional (1D) automotive catalyst models have been re-

viewed in [1]. Detailed kinetic 1D models were proposed for simulation purpose based

on first principle [3–6]. A reduced order 1D model of DOC and an Extended Kalman

Filter (EKF) were proposed for the internal temperature and outlet emissions (e.g.

CO, NO, NO2) prediction in [2]. An control-oriented model with considering its

thermal behavior was proposed for DOC control and diagnosis in [7–9]. However, the

input disturbance and model uncertainties are not considered for the temperature

estimation, leading to great estimation error in the case when model uncertainties

and input disturbances exist. In particular, engine-out HCs are difficult to be ac-

curate since the composition of HCs are very complex. It has been reported that

there are about 80 C1−C18 hydrocarbon species in engine-out and DOC-out exhaust

gases [6]. Therefore, more efforts are required to deal with problems rose by model

uncertainties and disturbances, especially in the case where HC is inaccurate for the

mean temperature estimation.

In this paper, two smooth variable structure filter (SVSF) based filtering meth-

ods were proposed for the mean temperature estimation. The reduced order 1D

model proposed in [2] was adopted for the SVSF based mean temperature estima-

tors due to its relative low computational load and sufficient accuracy of thermal

dynamics. A novel augmented state based smooth variable structure filter (robust

SVSF) was proposed for mean temperature estimation of a DOC and compared with

the regular SVSF. The novel robust SVSF is modified from regular SVSF and moti-

vated from augmented states or extended states to timely estimate and compensate

the disturbances, aiming to improve the estimation accuracy and robustness. The

127



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

SVSF is widely used in different areas such as trapped unburned fuel estimation for

a Turbocharged Diesel Engine [20], battery parameters estimation such as capaci-

tance, hysteresis, and state of charge (SOC) [21], ammonia storage ratio estimation

in diesel after-treatment systems [22], and fault detection and diagnosis [23–26]. The

augmented state or extended state is adopted in offset free model predictive control

(offset-free MPC) [11–13] and extended state observer (ESO) based control [14–19].

The main contributions of this paper are: 1) The regular SVSF was designed based

on a reduced ordered model to estimate the mean temperature of a DOC; 2) Aug-

mented states were added to the reduced order model of a DOC and a robust SVSF

was designed based on the augmented model; 3) The convergence of the robust SVSF

is theoretically analysed; 4) Both regular SVSF and robust SVSF were compared

under steady state and highly transient new European dynamic cycle (NEDC).

The rest of the paper is organized as follows. The experimental facility is demon-

strated in section 5.4. A brief introduction of the principle and modeling of a DOC

is demonstrated in section 5.5. The design of robust SVSF based on augmented

states is presented in section 5.6. Experimental calibration and validation of a 1-D

high-fidelity GT-power DOC model and simulations based on the 1-D high-fidelity

GT-power DOC model are introduced to verify the proposed approaches in section

5.7. At the end of the chapter, the conclusion is given.

5.4 Experimental Facility

In this study, the experiments were done on the chassis dyno test platform with a

Jetta Car. The Jetta car has a 2.0 Liter Turbocharged Direct Injection (TDI) Diesel

engine equipped with high pressure common-rail fuel injection system, a dual-loop
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Exhaust Gas Recirculation (High and Low Pressure EGR) and a Variable Turbine

Geometry (VTG) turbocharger. The exhaust system consists of a DOC, a DPF,

and a NOx storage catalyst. The actual chassis dyno setup and measurements of

DOC is demonstrated in Figure 5.2. The experimental instruments contain a OBD

link SX which provides an access to the engine control unit (ECU) variables such as

exhaust gas flow rate, engine speed, vehicle speed and so on. A Nova gas analyzer

model 4000 is available to measure NOx, CO, CO2, O2 and HC concentrations. Two

thermocouples were installed at DOC inlet and DPF outlet. Two exhaust gas sample

hoses were connected to the DOC inlet and DPF outlet. Physical parameters of the

Figure 5.2: Chassis dyno test platform

DOC are demonstrated in table 1.
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Table 1: Specifications of the DOC

Attributes Values

Channel Geometry square

Frontal Area (mm2) 7693

Cell Density (1/in2) 400

Length (mm) 90

Wall Thickness (mm) 0.05

Density of the substrate (kg/m3) 7900

5.5 The Thermal Dynamic and Modelling of a DOC

To understand the complex thermal dynamics of a DOC and design mean temperature

estimators, this section introduces the principle of a DOC and a reduced order model

presented in [2].

5.5.1 Thermal Dynamic of DOC

The DOC is a flow-through honeycomb monolith structure composed of inner layer

(substrate layer) and outer layer, as can be seen in Figure 5.3. The substrate layer

divides into the washcoat and the substrate wall. The washcoat lay is a catalytic

lay consisted of alumina and precious pltinum group metals (PGM) such as Plat-

inum (Pt), Palladium (Pd) and Rhodium (Rh). The exhaust gases flow through

the honeycomb monolith structure and oxidation reactions occur on the washcoat

layer. Therefore, the thermal dynamic of DOC is complicated since it has thermal
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conduction, convection and chemical reactions.

Figure 5.3: Schematic diagram of DOC

5.5.2 Main Reactions in DOC

The chemical reactions in DOC are complex and more details can be seen in [4–6].

The main reactions in DOC include oxidation reactions [5] and hydrocarbon storage

[4], as demonstrated in table 2. Although there are about 80 hydrocarbon species,

C3H6 and DF (DF 1 and DF 2) represent the partially reacted fuel hydrocarbons and

unburned fuel, respectively. In table 2, DF 1 and DF 2 represent adsorbable slow

oxidizing hydrocarbon and non-adsorbable slow oxidizing hydrocarbon, respectively.

Z represents Zeolite.
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Table 2: Main Reactions in DOC

Oxidation Reactions

1 CO + 0.5O2 → CO2

2 C3H6 + 4.5O2 → 3CO2 + 3H2O

3 H2 + 0.5O2 → H2O

4 NO + 0.5O2 → NO2

5 DF1 + 19.4O2 → 13.5CO2 + 11.8H2O

6 DF2 + 19.4O2 → 13.5CO2 + 11.8H2O

Hydrocarbon Storage Reactions

7 Z +DF1 → ZDF1

8 ZDF1 → Z +DF1

The reaction rate of reactions (1)-(6) can be expressed:

Ri =
kiCmCn exp(− Ei

RgT
)

G
(5.1)

where i is from 1 to 6. m can be CO,C3H6, H2, NO depending on the reactions, ki

is the pre-exponent multiplier, n is the O2, Ri is the reaction rate in the DOC, E is

the activation energy of reactions, Rg is a constant, C is the concentration, G is the

inhibition factor, T is the solid phase temperature.

5.5.3 Reduced Order Model of DOC

Several DOC models have been presented in literature. To reduce the computational

load and achieve sufficient accuracy of thermal dynamics, a reduced order model
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proposed in [2] is adopted to design the SVSF based mean temperature estimator.

Several assumptions are made for the reduced order model: 1) the surface phase

and gas phase are considered as one phase so they have the same temperature and

concentration; 2) the reactions are instantaneous; 3) three reactions (Reaction 1, 2

and 4 in table 2) are considered in this reduced order model. More details about the

reduced order model can be referenced in [2]. The reduced order model of a DOC

can be expressed bellow [2],


εudCi

dx
= −Ri

((1− ε)ρscp,s + ερcv)
∂T
∂t

= −ερucp ∂T∂x −
∑

∆hiRi − haS(T − Ta)/V

y = Tout

(5.2)

where i = CO,NO,C3H6, Ri represents the reaction rate, Ta is ambient temperature,

u is velocity of the exhaust gas, ε is the void fraction of the DOC, ρs and cp,s are

the density and specific heat of solid phase, ρ is the density of the exhaust gas, cp

and cv are specific heat of exhaust gas, ∆hi is the enthalpy of the oxidation reaction,

ha is the external convection coefficient, S is the outer surface of the DOC, V is the

volume of the DOC, y is the measurement DOC outlet temperature. The discretized

form of the reduced order model of a DOC is expressed by the following equation [2],



Ci,r = Ci,r−1 −
∆z

εu
Ri

(Tr,k − Tr,k−1) =
1

∆z((1− ε)ρscp,s + ερcv)

(−∆tερucp(Tr,k − Tr−1,k)

−∆t∆z
∑

∆hiRi −∆t∆zhaS(Tr,k − Ta)/V )

y = Trmax,k−1

(5.3)
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where ∆t is time interval, ∆z is discretization length, Tr,k is DOC temperature, r

represents the axial elements 1, ..., N , k represents the index of integration in time.

To be noted, total hydrocarbons for DOC model is represented by the C3H6 only,

causing uncertainties between reduced order model and real DOC system. Therefore,

the above discretization and nonlinear reduced order model can be transformed into

the standard nonlinear model in the following,

xk =



T1,k

T2,k

...

Tr−1,k

Tr,k


= f(xk−1, Ci,k−1) + wk−1

yk = h(xk) + vk

(5.4)

where i = CO,NO,C3H6, r represents the axial elements 1, ..., N , k represents the

index of integration in time, f represents the reduced order model (5.3), wk is the

unknown system dynamics including model uncertainties and disturbances, vk is the

measurement noise.

5.6 SVSF based Design for Mean Temperature of

a DOC

Figure 5.4 demonstrates the estimation scheme of the DOC mean temperature. Two

SVSF based temperature estimators are designed to estimate the internal temperature

of the DOC and the mean temperature is calculated based on the internal temperature
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of DOC. The mean temperature of DOC can be expressed by the equation: Tmean =

1
N

N∑
r=1

Tr.

Figure 5.4: The mean temperature estimation scheme of a DOC

5.6.1 Regular SVSF Design with Reduced Order Model

Figure 5.5 depicts the concept of Smooth Variable Structure Filter (SVSF). The esti-

mated state trajectory converges to a bounded region of the system state trajectory.

The bounded region of the system state trajectory is also called existence subspace

(β). A smooth subspace (also called smooth boundary lay Ψ) is used in SVSF to

reduce or remove the chattering effect and improve the robustness [27]. As demon-

strated in the reference [27], the SVSF for nonlinear model can be designed by the

linearized strategy like extended Kalman Filter. Thus, two steps are required to

design the SVSF:1) model linearization, 2) SVSF design based on the linear model.
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Figure 5.5: The concept of Smooth Variable Structure Filter [27]

Linearization of the Reduced Order Model

The linear model of the reduced order model (5.4) can be expressed by the following

equation,

xk+1 = Fxk + wk

yk = Hxk + vk

(5.5)

where xk is the DOC temperature, wk is process noise, yk is the measurement output,

vk is the measurement noise. F and H can be expressed by the following equation,

F =
df

dx
|xk−1

=



∂T1,k
∂T1,k−1

∂T1,k
∂T2,k−1

· · · ∂T1,k
∂Tr,k−1

∂T2,k
∂T1,k−1

∂T2,k
∂T2,k−1

· · · ∂T2,k
∂Tr,k−1

...
... · · · ...

∂Tr,k
∂T1,k−1

∂Tr,k
∂T2,k−1

· · · ∂Tr,k
∂Tr,k−1


H =

dh

dx
= [0 · · · 1]

(5.6)
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Regular SVSF design

Based on the linear model (5.5) and the reference [27], the regular SVSF can be

designed in the following steps,

1) A priori state estimation

x̂k|k−1 = f(x̂k−1|k−1, Ci,k−1)

ŷk|k−1 = Hx̂k|k−1

ey
k|k−1

= yk − ŷk|k−1

(5.7)

2) A correction term Kk is derived from the error in the predictive output.

3) Posteriori state correction

x̂k|k = x̂k|k−1 +Kk

ŷk|k = Hx̂k|k

ey
k|k

= yk − ŷk|k

(5.8)

4) Steps 1 to 4 are iteratively repeated.

The calculation of the correction term is different for different systems. For the DOC

system with fewer measurements than state variables, it requires to transform the
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model (5.5) to a new form as follow,

xk =

xuk
xlk


H =

H1

H2


(5.9)

Therefor, the correction term Kk is required to divided into the upper and lower

term, Kk =

Ku
k

K l
k

. The upper correction term can be expressed in the following

form,

Ku
k = H+1

1

(∣∣∣ey
k|k−1

∣∣∣+ γ
∣∣∣ey

k−1|k−1

∣∣∣) ◦ sat(ey
k|k−1

,Ψ) (5.10)

where γ is a tuning parameter and 0 < γ < 1.

To calculate the lower correction term, it requires to transform the model (5.5) to

a new form by the transformation matrix Txk =

yuk
ylk

 . The new form of the model

can be expressed as follow,

 yuk+1

ylk+1

 =

 Φ11 Φ12

Φ21 Φ22


 yuk

ylk

+

 w̄1k

w̄2k

 (5.11)

where yuk is measurement variables and ylk+1
is estimated states, T is a transformation

matrix, Φ = T−1FT =

 Φ11 Φ12

Φ21 Φ22

, w̄ = T−1wk−

 Φ11

Φ21

 vk =

 w̄1k

w̄2k

. Based on

the nominal model (5.5), the filter gain for the estimated states ylk+1
can be expressed
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by the following equations,

Klk = (
∣∣∣Φ22Φ−1

12 eyk|k−1

∣∣∣
ABS

+ γ
∣∣∣Φ−1

12 eyk|k−1

∣∣∣
ABS

)

◦sat(Φ22Φ−1
12 eyk|k−1

,Ψ)
(5.12)

More details and the convergence of regular SVSF can be reference from [27].

5.6.2 Robust SVSF Design with Augmented Reduced Order

Model

The regular SVSF obtains the robustness at the cost of estimation accuracy since the

existence subspace (β) and smooth subspace (Ψ) have significant effect on the estima-

tion accuracy. The DOC system may have large unknown system dynamics including

input disturbance and model uncertainties, leading to large existence subspace. The

design of robust SVSF is motivated by the idea of augmented states [11–13] or ex-

tended states [14–19] to achieve better robustness and estimation precision. Figure

(5.6) demonstrates the idea of robust SVSF: the augmented states timely estimate

the unknown system dynamics including disturbances and model uncertainties, no

matter how large the unknown system dynamics is, and force the existence subspace

(β) into the smooth subspace (Ψ) to improve the accuracy and remove chatting. As

the existence subspace (β) is forced to be small, the smooth subspace (Ψ) also can

be set small to get better estimation precision. Two steps are required for the robust

SVSF design: 1) the reduced order model of DOC is augmented with disturbance

states; 2) the robust SVSF is designed based on the augmented state model.
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Figure 5.6: The idea of robust Smooth Variable Structure Filter

Augmented Reduced Order Model

Different from the regular SVSF design, the unknown system dynamic wk in the

reduced order model of DOC (5.4) is treated as a new state for the robust SVSF

design. Thus, the augmented reduced order model of DOC can be expressed by the

following equation,

xk = f(xk−1, Ci,k−1) +Dxd,k−1

yk = h(xk) + vk

(5.13)

where xd,k represents the unknown system dynamics, D is the matrix of the dynamic

of xd,k for augmented states. Here, xd,k is assumed to be bounded and its dynamic is

assumed to be xd,k+1 = xd,k+Eh(k). h(k) is unknown but is assumed to be bounded.

In fact, unknown system dynamic xd,k and its dynamic h(k) are bounded in DOC

system. Therefore, the augmented linear model can be expressed in the following
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equation, 

x̄k+1 = F̄ x̄k +Ghk

yk = H̄x̄k + vk

x̄k = [xk, xd,k]
T

F̄ = [
F D

0 E
]

G =

[
0 E

]
H̄ =

[
H 0

]

(5.14)

Based on equation (5.14), the a priori estimate of the augmented linear model can

be expressed in the following equation,



ˆ̄xk+1 = ˆ̄F ˆ̄xk

yk = H̄ ˆ̄xk + vk

ˆ̄xk = [x̂k, x̂d,k]
T

ˆ̄F = [
F D̂

0 E
]

H̄ =

[
H 0

]
(5.15)

where x̂d,k represents the estimated unknown system dynamics. For the augmented

model, the number of estimated augmented disturbance states should not exceed the

number of the measurement variables [11, 12]. More details about the number of

augmented disturbance states can be referenced from [11, 12]. For the DOC model,

there is one measurement output only, so that there can be only one augmented

disturbance x̂d,k. Therefore, the matrix D̂ is very critical for the estimation. Based

on the DOC system, heat release from chemical reactions is difficult to be accurate,

141



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

especially when HC is not accurate. To effectively estimate the mean temperature of

DOC even in the case where HC is not accurate for the filter, the disturbance state

is expressed by x̂d,r = ∆t∆zhHCRHC,r. Based on reduced order model of DOC, the

concentration and reaction rate can be expressed as follow,


CHC,r = CHC,r−1/(1 + d) = CHC,1/(1 + d)r−1

d =
kHCCO2

exp(−EHC/RgT )∆z

εu

RHC,r = kHCCO2 exp(−EHC/RgT )CHC,1/(1 + d)r−1

(5.16)

Thus, the unknown system dynamic can be expressed by the following equation,

 x̂d,r = x̂d,1
1

(1+d)r−1

x̂d,1 = ∆t∆z∆hHCkHCCO2 exp(−EHC/RgT )CHC,1

(5.17)

Therefore, motivated from equation (5.17), D̂ can be expressed by the following ma-

trix, D̂ =

[
1 1

(1+df )1 · · ·
1

(1+df )r−1

]T
and df is a tuning parameter.

Robust SVSF Design

Design steps of robust SVSF are the same as the regular SVSF but the robust SVSF

design is based on the augmented reduced order model. The design steps of robust

SVSF are summarized as following,
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1) A priori state estimation

ˆ̄xk|k−1 =

 x̂k|k−1

x̂d,k|k−1

 =

 f(x̂k−1|k−1, Ci,k−1) + D̂x̂d,k−1|k−1

x̂d,k−1|k−1


ŷk|k−1 = H̄ ˆ̄xk|k−1

ey
k|k−1

= yk − ŷk|k−1

(5.18)

2) A correction term Kk is derived from the error in the predictive output.

3) Posteriori state correction

ˆ̄xk|k = ˆ̄xk|k−1 +Kk

ŷk|k = H̄ ˆ̄xk|k

ey
k|k

= yk − ŷk|k

(5.19)

4) Steps 1 to 4 are iteratively repeated.

The upper correction term (Kuk) of robust SVSF is the same as equation (5.10) of

regular SVSF. To calculate the lower correction term (Klk) of the robust SVSF based

on the augmented model, it is required to transform the augmented model (5.15) to

a new form as follow,

 ŷuk+1

ŷlk+1

 =

 Φ̂11 Φ̂12

Φ̂21 Φ̂22


 yuk

ŷlk

 (5.20)
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where

 ŷuk+1

ŷlk+1

 = T ˆ̄x(k), yuk is measurement variables and ŷlk+1
is system states,

T is a transformation matrix, Φ̂ = T−1 ˆ̄FT =

 Φ̂11 Φ̂12

Φ̂21 Φ̂22

. Based on equation

(5.20), the filter gain for the estimated states ŷlk+1
can be expressed by the following

equations,

Klk = (
∣∣∣Φ̂22Φ̂−1

12 eyuk|k−1

∣∣∣
ABS

+ γ
∣∣∣Φ̂−1

12 eyuk|k−1

∣∣∣
ABS

)

◦sat(Φ̂22Φ̂−1
12 eyuk|k−1

,Ψ)
(5.21)

where γ is a tuning parameter and 0 < γ < 1.

The Convergence of Robust SVSF

Similar to equation (5.20), the augmented reduced order model (5.13) can be trans-

formed to a new form as follow,

 yuk+1

ylk+1

 =

 Φ11 Φ12

Φ21 Φ22


 yuk

ylk

+

 w̄1k

w̄2k

 (5.22)

where

 yuk+1

ylk+1

 = T x̄(k), yuk is measurement variables and ylk+1
is system states, T is

a transformation matrix, Φ = T−1F̄ T =

 Φ11 Φ12

Φ21 Φ22

, w̄ = T−1Ghk−

 Φ11

Φ21

 vk =

 w̄1k

w̄2k

 is bounded. Subtracting (5.20) from (5.22), the following error dynamics is
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achieved,  ey
uk+1|k

ey
lk+1|k

 =

 Φ̂11 Φ̂12

Φ̂21 Φ̂22


 0

ey
lk|k

+ d̄(k) (5.23)

where Φ̂ = Φ − Φ̃, and d̄(k) =

 d1k

d2k

 =

Φ̃

 yuk

ylk

+

 w1k

w2k


 is bounded.

Equation (5.23) can be transformed into the following expression,

 eylk|k = Φ̂−1
12 eyuk+1|k

− Φ̂−1
12 d1k

eylk+1|k
= Φ̂22Φ̂−1

12 eyuk+1|k
− Φ̂22Φ̂−1

12 d1k + d2k

(5.24)

The literature [27] demonstrated that the estimated lower partition of the state vector

ŷlk is convergent if

∣∣∣eylk|k−1

∣∣∣
ABS
≤ |Kk|ABS ≤

∣∣∣eylk|k−1

∣∣∣
ABS

+
∣∣∣eylk−1|k−1

∣∣∣
ABS

sgn(Kk) = sgn(eylk|k−1
)

(5.25)

Expand (5.25) with (5.21) and (5.24), the condition satisfies (5.25) can be found as

follow, ∥∥∥eyuk|k−1

∥∥∥ ≥
max(

‖Φ̂22Φ̂−1
12 d1k−1

−d2k−1‖+‖Φ̂−1
12 d1k−1‖

(1−γ)‖Φ̂−1
12 ‖

,
‖Φ̂22Φ̂−1

12 d1k−1
−d2k−1‖

γ‖Φ̂−1
12 ‖

)

5.7 Experimental and Simulation Results

To validate the proposed Smooth Variable Structure Filter based filtering strategies,

this section presents the calibration and validation of the high-fidelity GT-power DOC

model and the simulation results of the proposed filtering methods. The simulation
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results were obtained by the co-simulation between GT-Power and Matlab/Simulink

environment.

5.7.1 Calibration and Validation of High-fidelity GT-power

DOC Model

To test the proposed mean temperature estimation algorithms, a 1-D high-fidelity

Diesel Oxidation Catalyst model built in GT-power environment is calibrated and

validated by the experimental data. The GT-power DOC model is showed in Fig-

ure 5.7. The high-fidelity DOC model is a modified version referenced from [4] and

[5], which considers thermal dynamics including thermal conduction, heat convection,

and chemical reactions. Figure 5.11 demonstrates that the GT-power DOC model fits

the data well. The component of the DOC model includes inlet and outlet variables,

Diesel Oxidation Catalyst and exhaust pipes. The measurement DOC inlet tempera-

ture, exhaust gas mass flow rate (see Figure 5.8), the concentration of O2, CO2, CO

(see Figure 5.9), NO and C3H6 (see Figure 5.10) are used for the inlet variables of

high-fidelity DOC model in GT-power environment.

The Methodology of Model Calibration

The parameters of the DOC model can divide into two diffrent categories: physical

parameters and chemical parameters. The physical parameters can be measured

directly and used for the DOC GT-power model. Main physical parameters are

demonstrated in table 1. The chemical parameters are demonstrated in equation

(5.1). The initial chemical reaction parameters are inherited from [4] and [5] and

manual tuning was performed to fit the data based on the evolution of the kinetics
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of the DOC system reference from [4] and [5].

Figure 5.7: The co-simulation between GT-Power and Matlab/Simulink

Figure 5.8: Vehicle speed and exhaust gas mass flow rate under FTP-72 test

147



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

Figure 5.9: DOC inlet O2,CO2 and CO concentration under FTP-72 test

Figure 5.10: DOC inlet NO and C3H6 concentration under FTP-72 test
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Figure 5.11: The comparison between GT-Power and experimental data

5.7.2 Estimation Performance under Steady State

The reduced order model of DOC was calibrated and validated based on the GT-

power model. The physical parameters and chemical parameters are the same as

the high-fidelity GT-power model. Three different test cases are used to validate the

estimation performance of the proposed SVSF based methods. In all the three cases,

the GT-power model simulates the engine on steady state and therefore the engine-out

(DOC-inlet) mass flow rate, velocity of exhasut gas, the concentration of CO,NO,HC

are constant. In the following figures, the “GT” means the mean temperature from

GT-power model, the “reduced order model” means mean temperature estimated by

the reduced order model only, the “SVSF” means the mean temperature estimated

by the regular SVSF, and the “SVSF-aug” means the mean temperature estimated

by the robust SVSF. The γ of both regular SVSF and robust SVSF were set to 0.5.
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fd = 0.3 was selected for the robust SVSF.

Case 1: The velocity of exhaust gas, the concentration of CO, NO, HC for the

mean temperature filter are the same with that of GT-power model. In this case,

both regular SVSF and robust SVSF can accurately estimate the mean temperature,

as can be seen in Figure 5.12. In addition, the estimated mean temperature by the

reduced order model is close to real mean temperature in GT-power model, which

means that the reduced order model is sufficient accurate.

Figure 5.12: The mean temperature estimation in Case 1

Case 2: The velocity of exhaust gas, the concentration of CO, NO for the mean

temperature filter are the same with that of GT-power model. But the concentration

of HC for the mean temperature filter is smaller than real HC in GT-power model. In

this case, the mean temperature estimated by the reduced order model and regular

SVSF are smaller that the real mean temperature from GT-power model. However,
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the robust SVSF can accurately estimate the mean temperature at steady state, as

can be seen in Figure 5.13.

Figure 5.13: The mean temperature estimation in Case 2

Case 3: The velocity of exhaust gas, the concentration of CO, NO for the mean

temperature filter are the same with that of GT-power model. But the concentration

of HC for the mean temperature filter is larger than real HC in GT-power model. In

this case, the mean temperature estimated by the reduced order model and regular

SVSF are larger that the real mean temperature from GT-power model. However,

the robust SVSF can accurately estimate the mean temperature at steady state, as

can be seen in Figure 5.13.
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Figure 5.14: The mean temperature estimation in Case 3

5.7.3 Estimation Performance under Transient States

In this scenario, the regular SVSF and robust SVSF are validated under highly tran-

sient new European dynamic cycle (NEDC). The GT-power model simulates the

vehicle under highly transient state so that the engine-out (DOC-inlet) mass flow

rate, velocity of exhasut gas, the concentration of CO,NO,HC highly vary.

Case 4: The velocity of exhaust gas, the concentration of CO, NO, HC for the

mean temperature filter and GT-power model are the same. In this case, both regular

SVSF and robust SVSF can accurately estimate the mean temperature, as can be seen

in Figure 5.15.
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Figure 5.15: The mean temperature estimation and control of a DOC when HC is

same as GT-power model under NEDC

Case 5: The velocity of exhaust gas, the concentration of CO, NO for the mean

temperature filter and GT-power model are the same. But the concentration of HC

for the mean temperature filter is smaller than real HC in GT-power model. In this

case, the mean temperature estimated by the reduced order model and regular SVSF

are smaller that the real mean temperature from GT-power model. However, the

robust SVSF can accurately estimate the mean temperature at steady state, as can

be seen in Figure 5.16.
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Figure 5.16: The mean temperature estimation and control of a DOC when HC is

smaller than GT-power model under NEDC

Case 6: The velocity of exhaust gas, the concentration of CO, NO for the mean

temperature filter and GT-power model are the same. But the concentration of HC

for the mean temperature filter is larger than real HC in GT-power model. As can

been seen in Figure 5.17, the mean temperature estimated by the reduced order model

and regular SVSF are a little larger that the real mean temperature from GT-power

model. Figure 5.17 also demonstrates that the estimation results of robust SVSF is

better than regular SVSF in this case where the concentration of the HC for the mean

temperature filter is larger than real HC in GT-power model.
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Figure 5.17: The mean temperature estimation and control of a DOC when HC is

larger than GT-power model under NEDC

5.8 Conclusions

In this paper, two different Smooth Variable Structure Filter based methods are pro-

posed to estimate the mean temperature of a Diesel Oxidation Catalyst. The reduced

order model of a DOC was adopted to design the SVSF based filtering strategies.

To improve the performance of the regular SVSF against to highly inaccurate HC

concentration, a robust SVSF was designed for the estimation of mean temperature

based on augmented reduced order model of a DOC. Furthermore, the convergence

of robust SVSF is theoretically analysed. Experiments based on chassis dyno were

conducted for calibration and validation of the high-fidelity GT-power DOC model.

The simulation results based on the high-fidelity GT-power DOC model demonstrated
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that the proposed methods have good performances in terms of disturbance rejection.

However, the robust SVSF has better estimation performance in the case where the

concentration of HC is inaccurate by comparing with the regular SVSF.
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Chapter 6

Disturbance Rejection in DOC-out

Temperature control for DPF

Regeneration
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Jinbiao Ning, and Fengjun Yan. “Disturbance rejection in DOC-out temperature con-

trol for DPF regeneration.” Proceedings of the Institution of Mechanical Engineers,

Part D: Journal of Automobile Engineering (2016): 0954407016650782.

The main contributor to this paper is the first author-Jinbiao Ning (contributes

more than 70%).
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6.2 Abstract

Control of Diesel Oxidation Catalyst (DOC) outlet temperature is critical for the

downstream Diesel Particulate Filter (DPF) regeneration, but is challenging to con-

trol due to the non-minimum phase behavior and varying time delay. To effectively

address this issue, a novel and time-efficient Composite Controller (CC) based on

modified Active Disturbance Rejection Control (mADRC) was proposed for DOC-

out temperature control in this paper. The proposed mADRC-based CC is a new

combination of a model-based Feedforward controller (FF) and a mADRC with time

delay compensation through the mass flow rate of exhaust gas. The model-based

FF is designed to partially compensate the variations of DOC inlet temperature and

mass flow rate, while the mADRC is proposed to address the remain disturbances and

model uncertainties including time delay uncertainties. Simulation and test results

through high-fidelity GT-Power model demonstrate the effectiveness and robustness of

the proposed composite controller in the DOC-out temperature control under steady

state and highly transient new European dynamic cycle (NEDC).

6.3 Introduction

Advanced Diesel after-treatment systems consists of DOC, DPF and SCR (Selective

Catalytic Reduction), as can be seen in Figure 6.1. The use of DPF is considered to be

the only feasible Diesel after-treatment technology that can effectively reduce particu-

late matter (PM) and meet the increasingly stringent regulations such as US2010, Low

Emission Vehicle (LEV III), and Euro VI [1]. The composition of PM is extremely

complex including solid (e.g. inorganic carbon and metal ashes) and condensate (e.g.

163



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

high boiling hydrocarbons, water, and sulfuric acid) material [2, 3]. The PM emission

is accumulated and burned in the DPF. The process of burning the accumulated PM

is called DPF regeneration.

Passive regeneration and active regeneration are two different ways for DPF re-

generation. Since passive regeneration is limited and not enough to keep the filter

clean in long-term, the active regeneration of DPF is necessary [5]. The active regen-

eration of DPF divides into two stages [6]: 1) close post injection is used to drive the

DOC temperature up to light-off temperature for high hydrocarbons (HC) conversion

efficiency. 2) far post injection in cylinder or downstream injection in the exhaust

pipe is adopted to boost the DOC outlet temperature to satisfy the DPF regeneration

temperature.

The DOC-out temperature is critical for DPF periodical regeneration as the DPF

inlet temperature should be high enough to effectively burn the accumulated soot in

the DPF and should be kept below a certain threshold to prevent damage to the DPF.

The control of DOC-out temperature is challenging due to several factors including

wide-range engine operations, DOC thermal inertia, the complexities of the reactions

in DOC, and the physical saturation of the fuel injectors.

Several model-based control strategies [4, 6, 20] were proposed to address this

issue. Linear Parameters Varying (LPV) controller was demonstrated in [4] to have

better tracking performance for the Diesel Particulate Filter Thermal Management by

comparing with model-based PID controller. Model-based temperature control with

parameter adaptation by exhaust gas velocity is proposed in [20]. Model Predictive

Control (MPC) was proposed in [6] for DOC-out temperature control during DPF

regeneration and achieved small temperature error in general but more overshoots
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than the production controller. There exist several drawbacks in the aforementioned

model-based controllers. First of all, these model-based control methods are designed

deeply relying on accurate DOC model. However, it is difficult to achieve precise

model for DOC system since the chemical reactions and thermal dynamics in DOC

are complex. Second drawbacks lies in the complexity in design (e.g. LPV) and the

high computational load (e.g. MPC). Furthermore, the above controllers still have

nontrivial overshoots that are harmful for the DPF regeneration. Therefore, more

efforts are required to get better tracking performance of the DOC-out temperature

for better DPF regeneration, avoiding the aforementioned drawbacks.

Figure 6.1: Aftertreatment system configuration

In this paper, a novel Composite Control (CC) based on modified Active Dis-

turbance Rejection Control with time delay compensation (mADRC-based CC) is
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proposed for the DOC-out temperature control. The Active Disturbance Rejection

Control (ADRC) concept [14–16] has been widely used in many fields to actively deal

with disturbances and model uncertainties [17–19].

The main contributions of this paper are: 1) A DOC-out temperature model is

identified as a process model with variable time delay and derived in state space form.

2) A Composite Control based on modified Active Disturbance Rejection Control is

proposed for DOC-out temperature control. 3) A Feedforward controller is used based

on the the relation among the inlet temperature, the mass flow rate of inlet exhaust

gas and the fuel injection. 4) The relation between the delay time and mass flow rate

was fitted based on the data from high-fidelity DOC model and used for the time

delay compensation.

The rest of the paper is organized as follows. A brief introduction of the control

problem, system dynamics and modeling of DOC is demonstrated in section 6.4. The

design of Composite Control based on modified Active Disturbance Rejection Control

with time delay compensation is presented in section 6.5. Simulation results based

on 1-D high-fidelity DOC model are introduced to verify the proposed approach in

section 6.6. At the end of the chapter, conclusions are given.

6.4 System Dynamics and Modeling of DOC

As mentioned in Section 6.3, DPF active regeneration consists of two stages. The

first stage (close post injection) is out of the scope of this paper. The second stage is

achieved by bringing the DOC-out temperature up to the regeneration temperature

(650◦C is used as the regeneration temperature in this paper) by far post injections in

cylinder or downstream injections in the exhaust pipe after the temperature condition
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satisfies the requirement of first process. To understand the control problem and the

dynamics of the DOC system, this section describes the control problem, the principle

of DOC system, and modeling of DOC.

6.4.1 Control Problem

The DOC is a single-input-single-output system (see Figure 6.2) with disturbances

(DOC inlet temperature Tin, mass flow rate of inlet exhaust gas ṁex and reductants

(THC, NO and CO) from pilot and main injections), input saturation (0 < Uinj <

Umax), and output measurement noise (measurement noise from temperature sensor).

The output (T ) of the system is the DOC-out temperature. The inlet temperature,

mass flow rate and system output can be measured directly. Main control issues of

the DOC system are listed in the following items,

a) Measurement noise from temperature sensor.

b) Input Saturation: the Diesel injector as the actuator of the control input has

input saturation.

c) Asymmetric control: the control of DOC-out temperature is asymmetric due to

the input saturation, which means that the DOC can be heated up by adding

fuel injections but only can be cooled by the natural cooling.

d) Disturbances and Uncertainties: there exist disturbances due to different en-

gine operations and model uncertainties including time delay uncertainties due

to the complexity of thermal dynamic and chemical reactions. The disturbances

(i.e. DOC inlet temperature, mass flow rate of inlet exhaust gas and reductants
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(THC,NO and CO) from pilot and main injections) vary significantly with dif-

ferent engine operations.

e) Time delay: the thermal response time of DOC is long and variable, from several

seconds to hundred seconds since DOC is a heat distributed reservoir. On the

control point of view, the dynamic of DOC system has a time delay due to

the long response of the DOC-out temperature. Time delay of DOC outlet

temperature change significantly while mass flow rate change significantly over

transient conditions (e.g. FTP 75 or NEDC test cycle). There exist time delay

uncertainties since the delay time is difficult to be precisely determined.

f) Non-minimum phase behavior: there exist undershoot under a step decrease of

the mass flow rate and overshoot under a step increase of the mass flow rate.

This is the most challenging issue due to time delay in input-to-output loop.

Figure 6.2: The control system of DOC including input (Uinj), output (T ) and dis-

turbances (Tin, ṁex, and reductants)
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6.4.2 The Principle of DOC

The DOC is composed of inner layer (substrate layer) and outer layer, as can be

seen in Figure 6.3. The substrate layer divides into the washcoat and the substrate

wall. The exhaust gas goes through the substrate and oxidation reactions occur on

the substrate. The thermal dynamic of DOC is complicated since it has thermal

conduction, convection and chemical reactions.

Figure 6.3: Schematic diagram of DOC

The chemical reactions in DOC are complex and more details can be seen in [7–

11]. The main reactions in DOC include oxidation reactions [7] and Hydrocarbon

storage [8], as demonstrated in table 1.
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Table 1: Main Reactions in DOC

Oxidation Reactions

1 CO + 0.5O2 → CO2

2 C3H6 + 4.5O2 → 3CO2 + 3H2O

3 H2 + 0.5O2 → H2O

4 NO + 0.5O2 → NO2

5 DF1 + 19.4O2 → 13.5CO2 + 11.8H2O

6 DF2 + 19.4O2 → 13.5CO2 + 11.8H2O

Hydrocarbon Storage Reactions

7 Z +DF1 → ZDF1

8 ZDF1 → Z +DF1

6.4.3 The Control Input

To generate sufficient Hydrocarbon into the exhaust gas for heating up the DOC-out

Temperature, far post injection in cylinder or downstream injection in the exhaust

pipe is adopted to inject the Diesel fuel. The influence of far post injection in cylin-

der or downstream injection in the exhaust pipe on the DOC inlet temperature can

be negligible [12]. Diesel fuel divides into Diesel vapor (Fuel1) and Diesel liquid

(Fuel2) after injected into the exhaust pipe and converted into fast oxidizing Hydro-

carbon especially propylene (C3H6), adsorbable slow oxidizing Hydrocarbon (DF 1),

non-adsorbable slow oxidizing Hydrocarbon (DF 2), and Oxygen (O2) due to high

temperature, as expressed in table 2.

170



Ph.D. Thesis - Jinbiao Ning McMaster - Mechanical Engineering

Table 2: Reactions for Diesel Fuel to Hydrocarbon

1
Fuel1 + 0.309091H2O = 0.818182C3H6 + 0.409091DF 1

+ 0.409091DF 2 + 0.154545O2

2
Fuel2 + 0.309091H2O = 0.818182C3H6 + 0.409091DF 1

+ 0.409091DF 2 + 0.154545O2

6.4.4 Time Delay and Non-minimum Phase Behavior of DOC

To intuitively understand the main system dynamics and their causes, the step re-

sponse of input-to-output loop, inlet-temperature-to-output loop and mass-flow-rate-

to-output loop are demonstrated in this section, based on a high-fidelity DOC model

in GT-power referenced from [7] and [8]. Specifications of the high-fidelity DOC

model in GT-power are listed in table 3.

Table 3: Specifications of the high-fidelity DOC model in GT-power

Attributes Values

Channel Geometry square

Frontal Area (mm2) 20000

Cell Density (1/in2) 400

Length (mm) 260

Wall Thickness (mm) 0.15

Density of the substrate (kg/m3) 1720

Ambient heat transfer coefficient (w/m2K) 15
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In the input-to-output loop, there exists a time delay in the system response under

the step increase and decrease of the input, as can be seen in Figure 6.4. In fact, the

time delay varies depending on the mass flow rate (see Figure 6.7).

Figure 6.4: (a) is system response under a step increase of input from 100 mg/s to 200

mg/s, (b) is system response under a step decrease of input (far post fuel injection)

from 200 mg/s to 100 mg/s, both inlet temperature are 400 ◦C, both mass flow rates

are 0.02 kg/s

Likewise, Figure 6.5 shows a time delay in the system response under the step in-

crease and decrease of inlet temperature with or without input in the inlet-temperature-

to-output loop. There is no non-minimum phase behavior since both directions in

system output response of inlet temperature step change and input step change are

the same.
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Figure 6.5: (a) and (c) are system response under a step increase of inlet temperature

from 400 ◦C to 500 ◦C, (b) and (d) are system response under a step decrease of inlet

temperature from 500 ◦C to 400 ◦C, the input (far post fuel injection) of (a) and (b)

are 50 mg/s, the input (far post fuel injection) of (c) and (d) are 0 mg/s, all mass

flow rates are the same (i.e.0.07 kg/s)

Similarly, Figure 6.6 demonstrates a time delay in the system response under the

step increase and decrease of mass flow rate in inlet-mass-flow-to-output loop. It is

worth noting that there is an undershoot before the output rises under a decrease

of mass flow rate (see subplot (a) in Figure 6.6) and an overshoot before the output

decreases under a step increase of mass flow rate (see subplot (b) in Figure 6.6) with

constant input, while there is no undershoot and overshoot phenomena without input
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(see subplot (c) and (d) in Figure 6.6). The undershoot and overshoot phenomena

is the accumulated result of the system response to the mass flow rate and the in-

put since they have different directions in system output response and it has faster

response under the the step change of mass flow rate than that of step change of in-

put. More Importantly, the undershoot and overshoot phenomena is a non-minimum

phase behavior (NMP), which has challenging impact on the control of DOC-out tem-

perature. Due to the input time delay, the undershoot and overshoot phenomena is

difficult to compensate and has side effects with compensations, as demonstrated in

[20, 21].
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Figure 6.6: (a) and (c) are system response under a step decrease of mass flow rate

from 0.07 kg/s to 0.01 kg/s, (b) and (d) are system response under a step increase

of mass flow rate 0.01 kg/s to 0.07 kg/s, the input (far post fuel injection) of (a) and

(b) are 200 mg/s, the input (far post fuel injection) of (c) and (d) are 0 mg/s, all

inlet temperatures are the same (i.e.400 ◦C)

6.4.5 Linear Model of DOC

Although a detail 1-D thermal dynamic model of DOC is proposed in [7], the param-

eters for thermal dynamic and reactions are difficult to be precisely determined since

the thermal dynamics and reactions are too complex. Also, the concentration and

the reaction rate are difficult to be accurately measured [7]. The detail 1-D model
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not only increases the complexity in modeling the DOC thermal dynamics, but also

increases the difficulty in designing robust model-based controller. However, the pro-

posed mADRC-based CC is not a model-based design. Therefore, the linear model

of DOC thermal dynamics is sufficient for the proposed controller design.

Figure 6.7: Step increase from Comparison between GT-Power model and identified

process model

To achieve the linear model of DOC thermal dynamics, the step response of the

DOC-out temperature is achieved under different conditions. The step response of

DOC-out temperature can be acquired by injecting constant amount (i.e. 50 mg/s)

of Diesel fuel into the exhaust pipe upstream of the DOC during different steady

states (i.e. constant inlet temperature and mass flow rate of exhaust gas). Figure

6.7 demonstrates the step response under different mass flow rate from 0.01 kg/s to
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0.07 kg/s. Based on the step response of the DOC, the process model is achieved by

using the identification tool of the Matlab. Both Figure 6.7 and the identified models

show that the time delay varies significantly ranging from 21.59 seconds at 0.07 kg/s

to 203.76 seconds at 0.01 kg/s. Furthermore, identified models are first-order linear

process model with time delay. The first-order linear process model with time delay

is expressed in the following equation,

G(s) =
k

δs+ 1
e−τs (6.1)

where k, δ, τ are parameters. The Fitting Accuracy of identified models to the GT-

power data and the parameters of identified models are demonstrated in table 4. Let

y(t) equal to the DOC-out temperature and the first-order transfer function (6.1) can

be rewritten in the state space form,


ẋ(t) = −1

δ
x(t) +

k

δ
u(t− τ)

y(t) = x(t)

(6.2)

The thermal dynamics of DOC can be expressed by the following equation,


ẋ(t) = −1

δ
x(t) + ω +

k

δ
u(t− τ)

y(t) = x(t)

(6.3)

where ω presents the unknown disturbances and model uncertainties between the

linear model (6.2) and real DOC thermal dynamics.
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Table 4: Fitting Accuracy and parameters for identified models

Mass Flow Rate

(kg/s)
k δ τ

Fitting Accuracy

(%)

0.01 3.955 38.151 203.76 92.3

0.03 2.2113 17.101 60.856 87.9

0.05 1.8305 12.435 33.411 86.2

0.07 1.6765 10.55 21.58 85.4

6.5 mADRC-based Composite Controller Design

The objective of the controller design is to track the desired DOC-out temperature

trajectory for safe and effective DPF regeneration in spite of the disturbances, model

uncertainties including time delay uncertainties, and non-minimum phase behavior.

The non-minimum phase property is not desired due to its limitation on the achievable

feedback performance. The control issues of non-minimum behavior have long been

recognized [22–24] and feedforward control is required to effectively compensate the

feedback control [25–28]. To deal with the aforementioned control issues in Section 6.4

and achieve the control target, the mADRC-based Composite Controller is designed

by combining modified Active Disturbance Rejection Control (mADRC) with time

delay compensation and feedforward control. Figure 6.8 is the scheme of the mADRC-

based Composite Controller for DOC-out temperature control.
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Figure 6.8: Scheme of Composite Controller for DOC outlet temperature

In Figure 6.8, Tref is the desired trajectory, Tin and ṁex is inlet temperature

and mass flow rate of inlet exhaust gas, respectively, the diagram of FF represents

Feedforward controller, UFF is the control rate of Feedforward controller, mADRC

is the modified active disturbance rejection control with time delay compensation,

rADRC is the regular active disturbance rejection control, UmADRC and UrADRC is

the control law of mADRC and the input of rADRC, respectively, UCC is the control

law of the Composite Controller. UCC and UrADRC can be expressed in the following

equation, 
UCC = UFF + UmADRC

UrADRC = UmADRC(t− τ)

(6.4)

The design of Feedforward controller, time delay compensation, and mADRC are

given in the following subsections.

6.5.1 Feedforward Controller

The objective of Feedforward Controller is to partially compensate the disturbances

including the inlet temperature, mass flow rate, and reductants (THC,NO and CO)
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from pilot and main injections. The remain disturbances and model uncertainties are

rejected by the feedback control loop. The control law of the Feedforward controller

can be expressed below,

UFF = ṁff (6.5)

where ṁff is the mass flow rate of far post injection. To achieve the mass flow rate

of the post fuel injection, some assumptions are required to make. It is assumed that

the temperature of DOC is uniform along the axial length and constant at steady

state so that the total heat release from post injection is used to rise the exhaust

gas temperature from inlet temperature to outlet temperature. The THC from post

injection is assumed to be completely combusted inside the DOC [12]. However,

there exist other reductants including NO, CO and THC generated by pilot and

main injections in the exhaust gas. These reductants of NO, CO and THC plays

an important role in the heat release. To attenuate the effect of these reductants, a

lookup table is calibrated to estimate these reductants under steady state. Therefore,

the Feedforward controller is calculated based on the aforementioned assumptions

when the system is on steady state. Figure 6.9 describes the energy balance of the

DOC system. Based on the assumptions, the energy balance can be expressed in the

following equation,

Q̇ = ṁffLHV THC+ṁTHCLHV THC+ṁCOLHV CO+ṁNOLHV NO = cgṁex(Tout−Tin)

(6.6)

where the LHV THC , LHV CO and LHV NO denotes the lower heating value of THC,

CO and NO, ṁCO, ṁNO and ṁTHC represent the mass flow rate of CO, NO and THC

from pilot and main injections, cg is the specific heat of exhaust gas. Therefore, the
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fuel injection rate ṁff is calculated by equation (6.6).

Figure 6.9: DOC energy balance schematic diagram

6.5.2 Time Delay Compensation

Figure 6.10 demonstrates that the delay time significantly varies from about 338

seconds to 12 seconds at different mass flow rate from 0.005 kg/s to 0.1 kg/s. Delay

time is small after the mass flow rate is greater than 0.1 kg/s. Based on Figure

6.10, the relation between delay time and the mass flow rate can be expressed by the

following equation,

τ = aṁb
ex (6.7)

where a and b are parameters. a = 2.235 and b = −0.953 are given after fitting

and the regular residual is demonstrated in Figure 6.11. Therefore, the delay time

in mADRC-based CC is compensated by equation (6.7). Figure 6.11 demonstrates

time delay uncertainties in the controller. However, achieving accurate delay time

is impossible and unnecessary since the proposed mADRC-based CC can deal with

disturbances and model uncertainties including time delay uncertainties.
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Figure 6.10: Time Delay at different mass flow rate

Figure 6.11: Regular Residual of Time Delay at different mass flow rate
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6.5.3 Modified Active Disturbance Rejection Controller De-

sign

The mADRC modified from regular Active Disturbance Rejection Contoller (rADRC)

consists of a time delay, an Extended State Observer (ESO) and a Disturbance Re-

jection Controller. Figure 6.12 is the structure of mADRC for DOC-out temperature

control.

Figure 6.12: mADRC design for DOC system

Extended state observer (ESO) design

Based on the design of mADRC referenced from [13], the linear model (6.1) can be

rewritten in the following state space form:


ẋ1(t) = x2(t) + b0u(t− τ)

ẋ2(t) = ḟ(t) = h

y(t) = x1(t)

(6.8)
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where the state is augmented with

x2(t) = f(t) = −1

δ
x(t) + ω +

k

δ
u(t− τ)− b0u(t− τ), (6.9)

where f(t) is the total disturbance including external disturbances and internal distur-

bances of DOC system and rejected in the controller, assuming that ẋ2(t) = ḟ(t) = h

is bounded. The ESO is designed to estimate f(t) by the following equations:


˙̂x1(t) = x̂2(t) + b0u(t− τ) + l1(y(t)− ŷ(t))

˙̂x2(t) = l2(y(t)− ŷ(t))

ŷ(t) = x̂1(t)

(6.10)

In equation (6.10), L = [l1 l2]
T

is the observer gain vector, which can be determined

by the pole-placement technique. According to [18], the observer gain vector can be

easily tuned after parameterization L = [l1 l2]
T

= [2ω0 ω2
0
]
T

. Therefore, the ESO

has only one parameter to specify: ω0. The ω0 is a tuning parameter which amounts

to the bandwidth of the observer.

Disturbance Rejection controller design

With the extended state observer, the augmented state x2(t) can be estimated in

real-time. Based on the estimated state x̂2(t), the Disturbance Rejection controller

is designed to cancel the total disturbance, which transforms the model (6.1) to 1st

Order Integrate Cascade form. A Proportion controller is designed to control the

1st Order Integrate Cascade form. Therefore, the Disturbance Rejection controller is
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designed as expressed below,

UmADRC =
kc(Tref − x̂1(t))− x̂2(t)

b0

(6.11)

where kc is a tuning parameter amounting to the bandwidth of the Disturbance

Rejection controller. With this control raw, the system (6.8) can be turned into the

following form,

ẋ1(t) = f(t)− x̂2(t) + kc(Tref − x̂1(t)) (6.12)

For a well-turned ESO, x̂2(t) tracks f(t) closely and turns the term f(t) − x̂2(t) in

equation (6.12) into a little bounded error, which makes equation (6.12) become a

bounded input and bounded output (BIBO) stable by tuning the parameter kc.

Tuning rule for mADRC

There are three different tuning parameters for the proposed controller: i.e. the con-

troller bandwidth kc, the observer bandwidth ω0, and b0. Adjusting ω0, the trade-off

can be easily made between performance and noise-sensitivity. The controller band-

width should be high enough to meet the desire of the designed transient response.

b0 should be determined by the system. More details about mADRC tuning rule can

be seen in [13, 16].

6.6 Simulation Results

To validate the proposed controller, in this section, the operating conditions and the

simulation results of the composite controller are presented. The simulation result

is obtained in co-simulation between GT-Power and Matlab/Simulink environment.
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ω0 = 0.5 and kc = 0.16 are taken for the simulation. The period of DPF regeneration

is assumed to be 1000 seconds.

6.6.1 Operating Conditions

To validate the proposed controller, the light-duty vehicle model is used. Figure 6.13

shows a 1-D vehicle model built in GT-power environment with 5 different compo-

nents: Driver, ECU, Engine, Vehicle and After-treatment systems. Driver Model is to

track the test cycle to make the Engine and After-treatment system operate in differ-

ent operating conditions. This particular Engine is based on a 3-liter turbo-charged

Diesel engine. The engine model is a map-based model and the Diesel Oxidation

Catalyst model is a modified version referenced from [7] and [8].

Figure 6.13: The light-duty vehicle model built in GT-POWER

6.6.2 Effectiveness of mADRC-based CC under Temperature

Step Change

In this scenario, the reference temperature steps from 500 ◦C to 650 ◦C. In Figure

6.14 and other figures in this paper, the legend ‘with FF’ means the controller is
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mADRC-based CC and ‘without FF’ means that the controller is mADRC only. As

can be seen from Figure 6.14, both mADRC-based CC and mADRC can converge to

the reference temperature without overshoot. However, mADRC-based CC with FF

compensation has faster tracking performance than that of mADRC only.

Figure 6.14: Comparison between with and without FF under temperature step

change

6.6.3 Effectiveness of mADRC-based CC under Measurement

Noise

To validate the robustness of the proposed mADRC-based CC against measurement

noise, high frequency white noise is added to the measurement temperature. The mea-

surement noise is uniformly distributed in the range [-10 10] based on the temperature

sensor (Thermocouple) characteristics. From Figure 6.15, the proposed controller is

stable and get robust tracking performance even when the temperature sensor has
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measurement noise.

Figure 6.15: Control Performance with measurement noise

6.6.4 Effectiveness of Time Delay Compensation

In this scenario, the proposed controller is compared between with and without time

delay compensation. In Figure 6.16, the legend ‘with time delay compensation’ means

that the delay time of mADRC-based CC is compensated by the mass flow rate

while ‘without time delay compensation’ in Figure 6.17 means that the delay time

of mADRC-based CC is a constant value. Figure 6.16 is the temperature tracking

under different mass flow rate from 0.04 kg/s to 0.1 kg/s by mADRC-based CC with

time delay compensation, while Figure 6.17 is the result of mADRC-based CC with

a constant delay time. The comparison between both figures shows that mADRC-

based CC with time delay compensation obtains better performance on temperature

tracking, while mADRC-based CC with constant delay time is almost unstable under

mass flow rate of 0.06 kg/s and 0.08 kg/s.
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Figure 6.16: Control Performance with time delay compensation

Figure 6.17: Control Performance without time delay compensation
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6.6.5 Effectiveness of mADRC-based CC under Mass Flow

Step Change

The proposed controller is validated under the condition that the mass flow rate of

exhaust gas suddenly changes from one state to another. Figure 6.18 demonstrates

the control performance between mADRC-based CC and mADRC when the mass

flow rate suddenly rises from 0.04 kg/s to 0.08 kg/s at 200 second and Figure 6.19

is their control inputs. Figure 6.20 and Figure 6.21 is the control performance when

the mass flow rate suddenly decreases from 0.08 kg/s to 0.04 kg/s and control inputs,

respectively. Both Figure 6.18 and Figure 6.20 show that the mADRC-based CC

achieves smaller variation during the step change of the mass flow rate than that

of mADRC. The control inputs in both Figure 6.19 and Figure 6.21 demonstrate

that mADRC-based CC has faster response to the variation of the mass flow rate

than that of mADRC, resulting in lower temperature variations. The reason that the

control input of mADRC has slower response to the mass flow variations is that DOC

outlet temperature has undergoes when mass flow rate suddenly rises (see Figure

6.18) and overgoes when mass flow rate suddenly decreases (see Figure 6.20). The

mADRC responses to the undergoes and overgoes first, resulting in larger temperature

variations due to the input time delay.
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Figure 6.18: Control Performance between with and without FF under mass flow rate

suddenly rises

Figure 6.19: Control Input between with and without FF under mass flow rate sud-

denly rises
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Figure 6.20: Control Performance between with and without FF under mass flow rate

suddenly decreases

Figure 6.21: Control Input between with and without FF under mass flow rate sud-

denly decreases
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6.6.6 Control Performance of mADRC-based CC under Drop-

to-idle Condition

The scenario is to simulate a drop-to-idle condition, which is the most challenging

situation for DOC-out temperature control since the mass flow rate of exhaust gas

suddenly and significantly drop from 0.08 kg/s to 0.01 kg/s, as can be seen from

Figure 6.22. The control performance of mADRC-based CC is compared with IMC-

based CC. The control scheme of Internal Model Control (IMC)-based CC is the

same as mADRC-based CC (see Figure 6.8) but the mADRC is replaced by IMC.

IMC is designed by using equation (6.1). More details about IMC design can be seen

in [29]. Figure 6.22 shows the effectiveness of both controllers that the undershoot

and overshoot of DOC outlet temperature is within an acceptable range (i.e. ±20◦C)

under drop-to-idle condition. However, the IMC-based CC has higher overshoot than

that of mADRC-based CC. Therefore, mADRC-based CC has better performance by

comparing with IMC-based CC since too much overshoot is harmful to DPF.
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Figure 6.22: DOC-out temperature under Drop to idle state,inlet temperature is 400

◦C

6.6.7 Control Performance of mADRC-based CC under NEDC

test cycle

In this scenario, the control performance of the proposed mADRC-based CC is val-

idated under NEDC by comparing with IMC-based CC. Figure 6.23 demonstrates

the variations of both DOC inlet temperature and mass flow rate of inlet exhaust

gas under NEDC test cycle. The continuous and significant variations of both inlet

temperature and mass flow rate make it difficult to control the DOC-out temperature

due to the time delay, NMP behavior. Figure 6.24 shows the control performance of

both controllers. The DOC-out temperature of mADRC-based CC rises from 400 ◦C

to 650 ◦C with smaller overshoot and maintains at 650 ◦C with smaller errors (i.e.

±15◦C) than that of IMC-based CC, which is the best practically achievable results

[20, 21].
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Figure 6.23: DOC inlet temperature and mass flow rate of NEDC

Figure 6.24: DOC-out temperature over NEDC test cycle
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6.7 Conclusion

To achieve safe and effective DPF regeneration, a novel Composite Controller based

on a Feedforward controller and a mADRC was proposed for DOC-out temperature

control. The model-based FF was designed based on the relation between the refer-

ence temperature, inlet temperature, mass flow rate and the far post fuel injection,

while the mADRC was modified from regular Active Disturbance Rejection Contoller

with input time delay compensation through the mass flow rate of exhaust gas. The

control performance of the proposed controller was validated under steady state and

highly transient states (e.g. NEDC test cycle) through the high-fidelity GT-Power

model. Simulation results demonstrate the effectiveness of the proposed controller

that it achieves fast and no-overshoot tracking performance under steady states and

significant robustness under the most challenging transient states (i.e. ±20◦C under

drop-to-idle state and ±15◦C under NEDC test cycle).
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Chapter 7

Conclusions and Future Work

In this chapter, Contributions, conclusions of the thesis and some potential research

directions are demonstrated.

7.1 Contributions

The contributions of this thesis are explained in the following aspects.

1) A novel correction factor is defined to actively detect overdosing or under-

dosing urea injection and accurately compensate for the urea dosing control. The

identification of the correction factor is explored by using either pump frequency

extracted from line pressure signals or effective motor voltage.

2) The ammonia storage ratio is treated as an external disturbance and estimated

by a novel, cost-effective, and robust Nonlinear Disturbance Observer (robust NDO)

based on part of the three-state SCR model.

3) A novel and model-free compound control strategy consisted of an Active

Disturbance Rejection Controller (ADRC), a zero-input controller and a switching
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mechanism is proposed for ammonia feedback control to achieve high NOx reduction

efficiency and low ammonia slip simultaneously.

4) The DOC mean temperature is estimated by a novel and robust Smooth Vari-

able Structure Filter (robust SVSF) based on an augmented reduced order model of

a DOC.

5) A novel and robust composite controller based on modified Active Disturbance

Rejection Controller (mADRC) with time delay compensation and feedforward con-

troller is proposed for DOC-out temperature control during DPF regeneration.

7.2 Conclusions

In this thesis, several strategies based on active disturbance estimation and compen-

sation were proposed to improve the aftertreatment performance of NOx and PM

reduction. Chapter 1 presents the historical view of emission regulations, the brief

introduction of the principle and control reviews of diesel aftertreatment systems, and

contributions and the outline of this study.

Accurate urea injections play important role in achieving low ammonia slip and

high NOx reduction efficiency. Therefore, in chapter 2, a correction factor was defined

and identified for the detection of overdosing or under-dosing and correction for accu-

rate urea injections. Two different methods were proposed to identify the correction

factor. The first method is to identify the correction factor by comparing the pump

frequency extracted from frequency analysis of line pressure by FFT method under

normal injector and partially blocked injector. The second method is to identify the

correction factor by comparing the effective voltage of motor under normal injector

and partially blocked injector. The effectiveness of both methods are experimentally
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validated.

The ammonia storage ratio is critical for achieving low ammonia slip and high

NOx reduction efficiency. Thus, in chapter 3, the ammonia storage ratio was treated

as an external disturbance and estimated by a robust Nonlinear Disturbance Observer

(robust NDO) and a regular Nonlinear Disturbance Observer (regular NDO). Both

observers were designed based on parts of the three-state SCR model. The stabil-

ities and noise attenuation abilities of both NDOs were discussed to guarantee the

convergence of ammonia storage ratio estimation. Both NDOs can effectively esti-

mate the ammonia storage ratio while the robust NDO has better noise attenuation

performance than the regular NDO.

The SCR outlet ammonia concentration based feedback control is needed for

achieving low ammonia slip and high NOx reduction efficiency. Hence, in chapter

4, a novel compound control strategy was proposed for ammonia feedback control.

The compound control strategy consists of a switching mechanism, an Active Distur-

bance Rejection Controller and a zero-input controller. The results under steady-state

and FTP-75 test show that the compound control strategy can keep the ammonia

slip under 10 ppm on average and 25 ppm at peak. The proposed compound control

strategy obtains significant robustness even in the case of transient operation states

and ageing conditions.

The mean temperature of DOC is critical for DOC light-off management and DPF

active regeneration. For this reason, in chapter 5, two different Smooth Variable

Structure Filter based methods were proposed to estimate the DOC mean tempera-

ture. To improve the robustness of regular SVSF against to large model uncertainties

and disturbances, a robust SVSF was designed based on the augmented reduced order
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model of a DOC while the regular SVSF was designed based on the reduced order

model. Experiments based on chassis dyno were conducted for calibration and valida-

tion of the high-fidelity GT-power DOC model. The simulation results demonstrate

that the proposed SVSF based methods have good performance in terms of distur-

bance rejection and the robust SVSF has better performance than the regular SVSF

in the case where the inlet HC is inaccurate.

DOC outlet temperature is critical for safe and effective DPF active regeneration.

Consequently, in chapter 6, a novel composite controller composed of a feedforward

controller and a modified Active Disturbance Rejection Control (mADRC) with time

delay compensation was proposed for DOC-out temperature control. The model-

based Feedforward controller was designed based on the reference temperature, inlet

temperature, mass flow rate and the far post injection. The mADRC was modified

from regular ADRC with a time delay compensation through the mass flow rate of

exhaust gas. The effectiveness of the proposed control strategy was validated by the

experimentally calibrated GT-power model.

7.3 Future Work

Based on the studies conducted in this thesis, several potential directions can be

further investigated for future work as follow,
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7.3.1 Ageing Detection and Compensation for Aftertreat-

ment Systems

The ageing phenomena of Diesel aftertreatment systems may reduce the conversion

efficiency and affect the light-off management. The ageing of DOC may have a light off

temperature drift and affect the light off management and NO/NO2 conversion. Also,

the NO/NO2 ratio affects the DPF regeneration and SCR NOx reduction efficiency.

In addition, the ageing of SCR system may reduce the ammonia storage capacity and

NOx reduction efficiency. Therefore, ageing level should be detected and compensated

for estimations and controls of aftertreatment systems to meet increasingly stringent

regulation and in-use compliance.

7.3.2 Optimization of Integrated Diesel Engine and Aftertreat-

ment Systems

Engine-based technologies (e.g. EGR,VGT, Multiple fuel injections) and after-treatment

systems (e.g. DOC, DPF and SCR/LNT) are adopted to regulate both engine-out

emissions and exhaust pipe-out emissions. These technologies consume more fuel to

achieve low emission. Especially in cold-start and warm-up phase, extra fuel is re-

quired to heat up the engine and after-treatment systems. However, the control of

engine-based technologies and after-treatment systems are separated and optimization

research on integrated Diesel engine and after-treatment systems is rarely proposed

due to their complexities. To effectively address these issues, optimization of inte-

grated Diesel engine and aftertreatment systems is a potential direction to boost the

fuel efficiency and keep the emissions (e.g. CO, HC, NOx, PM) low.
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Appendix A

Proof of Lemma 2

Let V = ηTPη be a Lyapunov function where P satisfies the equation ATP + PA =

−Q and Q is a positive definite matrix. Then the deviation of the Lyapunov function

is expressed in the following equations,

V̇ = −ηTQη + 2hDPη

= (−ηTQ+ 2hDP )η

Furthermore, it implies that V̇ < 0 if

‖η‖ >
∥∥∥∥2hDP

Q

∥∥∥∥
which means that ‖η‖ decrease for any ‖η‖ is greater than

∥∥∥2hDP
Q

∥∥∥. Hence the observer

error of the robust NDO is bounded. In other words, the robust NDO is Bounded

Input Bounded Output (BIBO) stable.
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