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1 Executive Summary 

1.1 Distribution 

Department of Energy  Roland Gravel, Ralph Nine 

GS-SI/NA Schnabel, Etherington, Carwile, Magera, Knipple,  

Pilgrim, Runge, Roder, Ritz 

GS/ENS-NA Jiang, Schwanke, Jade 

CR/RTC2-NA Oudart 

RBNA/GOV Caruso, Smith, Shannahan 

Oakridge Sluder 

Clemson Prucka 

 

1.2 Subject 

REGIS – Recirculated Exhaust Gas Intake Sensor - Final Technical Report for Project Ending 

Date 12/31/2015. 

1.3 Executive Summary Narratives 

Kick-off of the Bosch scope of work for the REGIS project started in October 2012.  The primary 

work-packages included in the Bosch scope of work were the following:  overall project manage-

ment, development of the EGR sensor (design of sensor element, design of protection tube, and 

design of mounting orientation), development of EGR system control strategy, build-up of proto-

type sensors, evaluation of system performance with the new sensor and the new control strat-

egy, long-term durability testing, and development of a 2nd generation sensor concept for contin-

ued technology development after the REGIS project.  The University of Clemson was a partner 

with Bosch in the REGIS project.  The Clemson scope of work for the REGIS project started in 

June 2013.  The primary work-packages included in the Clemson scope of work were the follow-

ing:  development of EGR system control strategy, and evaluation of system performance with 

the new sensor and new control strategy.  This project was split into phase I, phase II and 

phase III.  Phase I work was completed by the end of June 2014 and included the following pri-

mary work packages:   development of sensor technical requirements, assembly of engine test-

bench at Clemson, design concept for sensor housing, connector, and mounting orientation, 

build-up of EGR flow test benches at Bosch, and build-up of first sensor prototypes.  Phase II 

work was completed by the end of June 2015 and included the following primary work pack-
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ages:  development of an optimizing function and demonstration of robustness of sensor, sys-

tem control strategy implementation and initial validation, completion of engine in the loop test-

ing of developed control algorithm, completion of sensor testing including characteristic line, 

synthetic gas test stand, and pressure dependency characterization, demonstration of benefits 

of control w/o sensing via simulation, development of 2nd generation sensor concept.  Notable 

technical achievements from phase II were the following:  publication of two new technical pa-

pers by Clemson detailing the control strategies used for the EGR system control.  The two pa-

pers was published in the 2016 SAE World Congress in April 2016.  The titles of each paper 

are, “Physics-Based Exhaust Pressure and Temperature Estimation for Low Pressure EGR 

Control in Turbocharged Gasoline Engines,” by K. Siokos, and “A Control Algorithm for Low 

Pressure – EGR Systems using a Smith Predictor with Intake Oxygen Sensor Feedback”, by R. 

Koli.  All phase III work packages have been completed.  The primary work packages in phase 

III were the following:  completion of long-term sensor durability testing, final demonstration of 

benefits of EGR control w/o sensing, final decision of the second generation sensor develop-

ment path. 

 

Phase I work-packages – development of sensor technical requirements, assembly of engine 

test-bench at Clemson, design concept for sensor housing and connector, build-up of EGR flow 

test benches at Bosch, build-up of first sensor prototypes – were completed on time and on 

budget by June 2014.  Phase II work-packages – development of an optimizing function and 

demonstration of robustness of sensor, system control strategy implementation and initial vali-

dation, completion of engine in the loop testing of developed control algorithm, completion of 

sensor testing including characteristic line, synthetic gas test stand, and pressure dependency 

characterization, demonstration of benefits of control without sensing via simulation on sensor 

design, development of 2nd generation work plan – were completed on-time and on budget with 

the exception of demonstration of robustness of sensor.  This work-package ran past the 

planned phase II duration, but was completed during the early part of phase III of REGIS and it 

was still completed on budget.  The reason for the extended duration of this work-package was 

because of an unexpected EGR gas leak through the sensor housing seal which required de-

tailed study to find mitigating measures.  A liquid plastic mold flow analysis was conducted by 

the supplier of the connector assembly as requested by Bosch. The objective of the analysis 

was to evaluate and optimize the filling and packing of the assembly.  Adequate conclusions 

and recommendations from the study by the supplier were acquired and were documented in 

the Q3 2015 report.  Phase III work-packages – completion of long-term sensor durability test-

ing, final demonstration of benefits of EGR control w/o sensing, final decision of the second gen-

eration sensor development path – were been completed on time and on budget.  There were, 
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however, several findings made during the long-term durability testing work package.  The find-

ings are recommended follow-up analyses Bosch believes should be executed if a phase two 

sensor is kicked-off.  The specific findings are documented in section 2.10 below.  

1.4 Administrative Status 

Completion of this project, including all phase 1-3 work-packages finished on schedule by De-

cember 31, 2015 and on budget.   

1.5 Budget Status 

The total federal budget for the REGIS project is $2,750,000 ($1,311,325 in phase 1, 

$809,859 in phase 2, and $628,816 in phase 3) and, as of December 31, 2013, 

$2,750,000 has been obligated by the Department of Energy to the project. As of March 

30, 2016, $2,750,000.00 has been booked to the project and, of that; $2,750,000.00 has 

been invoiced and received. 

 

 Non-Federal Federal 

Actual to date $  1,696,686.00 $ 2,750,000.00 

Budget $  1,696,686.00 $ 2,750,000.00 

Remaining $ 0.00 $          0.00 

Table 1:  Project financial summary. 

 

1.6 Project Objectives 

The primary objective of this project is to develop an Intake Air Oxygen (IAO2) sensor which 

directly and accurately measures the oxygen concentration in the intake manifold.  

1.7 Scope of Work 

This project addressed the technical barriers in fundamental research, technology application, 

and system implementation to accelerate the development of an IAO2 sensor to directly and ac-

curately measure the oxygen concentration in the intake manifold for gasoline engines using ex-

ternal EGR.  Figure 1 below illustrates the tasks allocated to phase I, phase II, and phase III of 

the project as well as the breakdown of sensor development related tasks and system level re-

lated tasks. 
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1.8 Project Work Package and Milestone List 
Tables 2, 3 and 4 below show the complete list of project work packages (tasks) and milestones 
broken down into phase 1, 2 and 3 including work package (task) and milestone ID number, 
work package name, description, and status at project close.  In tables 2, 3 and 4 T indicates a 
work-package (task) and MS indicates a milestone. 
 

        Phase 1       

  T 1.0     Project Man-
agement 

  green  done. 

Baseline Sensor Evaluation

Design Development Design Concept 2nd Generation

Phase I Phase II Phase III

Fabrication of Prototypes

Design Related Testing and Simulation

Design Validation  (Robustness to Function& Environment, Durability)

Sensor

Develop-

ment

System 

Level  

Related 
Research and 

Development

for

cEGR with and 

without

O2 Sensor

Intake

Sensor  Requirements 

Function, Robustness, 

Mounting, Location

System Level cEGR

Evaluation

Concept 

Control  

Algorithm  (CA)

CA 

Develop-

ment

System Level 

Implementation and 

Proof of IA02 Performance 

and Potential for cEGR

CA

Implemen-

tation

CA

Experimental 

Validation

Figure 1:  Project Timeline. 
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  T 1.1     Baseline 
Sensor Eval-
uation and 
Development 
of Testing 
Procedure 

  green  done. 

  T 1.2     cEGR Sys-
tem Level 
Evaluation 

  green  done. 

  T 1.3     Controls   green  done. 

  T 1.4     Sensor 
Housing and 
Mounting 
System De-
sign 

  green  done. 

  T 1.5     Require-
ments for 
Sensor Loca-
tion 

For HP and LP EGR following tasks 
have to be followed through 
 1. Define sensor positions (in inlet 
runner, in manifold, before throttle, 
before intercooler)  
2. What needs to be assessed: 
pressures, temperatures, velocities, 
homogeneity and exposure to con-
taminates and their influence on 
functional (response time, accu-
racy) and mechanical (thermal 
management, thermal shock) with 
CFD and experiment as best 
seemed fit 3. Define needed  re-
quirements  
4. make recommendation on sen-
sor position 

green  done. 

Table 2:  Work package description and status (phase 1). 
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      Phase 2       

  T 2.0   Project 
Manage-
ment and 
Reporting 

  green  done. 

              

  T 2.1   Robust-
ness of 
Function  

      

      Accuracy Study impact of fuel including E15-E85 and 
their impact on signal accuracy 

green  done. 

    MS 2.1 Assessment 
of Sensor 
Accuracy 

Quantifying the impact of multiple HCs found 
in intake on signal accuracy. Composition 
was derived from exhaust and purge gases 
seen for gasoline and gasoline ethanol. mix-
tures 

green  done. 

              

              

  T 2.2   Optimizing 
Function 
and Ro-
bustness of 
Sensor 

      

       Design Op-
timization for 
Function 

Transient response of the new sensor de-
signs was evaluated with gasoline engine 
testing at Clemson, and verified at ORNL, to 
enable improvements to the sensor and the 
control strategy.  This will improve the overall 
real-time control capability. 

green  done. 

      Design Opti-
mization for 
Robustness 

Identification of Designs ensuring robustness 
against thermal shock and intake contami-
nates (soot water oil emulsions) 

green  done. 

      Thermal 
Shock Ro-
bustness 

Two high volume test benches was used to 
enable thermal shock testing under intake 
conditions with and without simulation of 
pressure oscillations.   
A test profile describing the sensors expo-
sure to water in the intake was developed on 
basis of the results of WP 1.2.8 and refined 
throughout the project. A method to quantify 

green  done. 
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protection from thermal shock was devel-
oped. 
The thermal shock resistance of the baseline 
sensor was evaluated with these tests and 
the test procedure used to evaluate progress 
in design work.   

    MS 2.2 Demonstra-
tion of im-
proved func-
tionality and 
robustness 
of the opti-
mized sen-
sor. 

  green  done. 

  T 2.3   EGR Sys-
tem Evalua-
tion and 
Control De-
velopment 

      

      Control 
Strategy De-
velopment - 
Air Path 
EGR Control 

Characterization of pressure pulsation effects 
as well as static pressure differential on EGR 
flow.  Used to create comparison to delta 
pressure sensor (Bosch) and to allow for bet-
ter pre-setting of the valve.  Determine nec-
essary changes to classical throttle equation 
(KLAF) 

green  done. 

      Control 
Strategy De-
velopment - 
Sensor fu-
sion and 
transient 
control 

Fuse sensor signal with improved modeled 
EGR flow based on analysis of classical 
throttle equation and system pulsations.  De-
velop transient control strategy for spark and 
cam position based on the modeled air path 
delays for cylinder-to-cylinder transient pre-
diction (WP 2.3.2) 

green  done. 

      Control 
Strategy De-
velopment - 
Ethanol and 
water detec-
tion 

Study ORNL data showing the effects of wa-
ter and ethanol on the sensor and develop 
an on-line algorithm to use the sensor to 
identify the water content in ambient air and 
EGR based on water cracking phenomena.   

green  done. 

      Cylinder-by-
Cylinder 
Transient 
Prediction  

Modeling of transport delays in EGR system.  
GTPower modeling done to predict the distri-

green  done. 
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bution in the engine based on physical phe-
nomon.  Creation of control logic to realize 
this on a RP system. 

      Control Vali-
dation and 
Optimization 

Engine-in-loop testing of the algorithms using 
rapid prototyping 

green  done. 

      Engine 
Combustion 
Characteri-
zation  

Clemson will perform a sensitivity analysis of 
the sensor EGR estimation accuracy and an-
alyze the impact of the baseline series sen-
sor on fuel economy. ORNL will investigate 
several steady-state operating modes on a 
modified Ecotec engine, similar to the Clem-
son engine, to examine the potential effi-
ciency improvements high EGR levels pro-
vide.  ORNL will also monitor changes in the 
engine emissions and in-cylinder pressure as 
a combustion process metric as the EGR 
rate is varied.  EGR efficiency curves was 
developed to further estimate the benefit of 
closed loop EGR control and determine max-
imum EGR rates for inclusion in control algo-
rithm development. 

  
Clemson will lead the efforts in the part-load 
driving cycle conditions, and ORNL will lead 
the efforts in high-load conditions for knock 
mitigation strategies. 

    

    MS 2.3 EGR Esti-
mation 
Model and 
EGR control 
algorithm 

Experimental validation results of the EGR 
estimation model 
Demonstration of proposed control function-
alities using rapid prototyping 

green  done. 

              

  T 2.4   Build  IA02 
Sensors 

      

      IA02 Sensor 
Assembly 

Assemble IAO2 sensors for testing green  done. 

      IA02 Sensor 
Validation 

Perform standard sensor testing including 
characteristic line, synthetic gas test stand, 
pressure dependency measurements to ver-
ify performance 

green  done. 
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    MS 2.4 IA02 Proto-
types  

Complete IAO2 sensors for performance and 
robustness testing 

green  done. 

              

              

  T 2.5   Sensor Ele-
ment Con-
cept (im-
proved cost  
and func-
tionality) 

Research 2nd generation sensor element 
concept for improved cost and functional-
ity, this will also be part of phase II and 
phase III work 

    

      2nd Genera-
tion Sensor 
Element 
Concept 

Based on understanding the intake manifold 
requirements gained from intake manifold 
environment analysis and control strategy 
development, the objective is to develop con-
cept for 2nd generation sensor element to 
meet these requirements 

green  done. 

    MS 2.5 Concept for 
2nd genera-
tion sensor 
element 

Overview of possible design options for im-
proved sensor design, Overview of chosen 
design 

green  done. 

    MS 2  Review 
Phase 2 

  green  done. 

Table 3:  Work package description and status (phase 2). 

 
  

      Phase 3       

  T 3.0   Project Management 
and Reporting 

      

    MS 3.0 Quarterly progress re-
ports and phase review 
presentation 

  green done. 

  T 3.1   EGR System Evalua-
tion and Control De-
velopment 

      

      Control Algorithm Inte-
gration 

Based on the algorithm valida-

tion results at Clemson, the tar-

get control algorithms to be inte-

grated was determined.  The 

real-time control algorithms was 

green done. 
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integrated into the Bosch MED 

software if beneficial for the pro-

gress of the project.  

      Experimental Validation 
of Control Algorithm - 
Transient Fuel Control 

Conduct engine tests to deter-

mine performance, fuel econ-

omy, and emissions comparing 

the baseline hardware and soft-

ware condition to the IAO2-

equipped condition. 

green done. 

      Experimental Evalua-
tion of EGR and IAO2 
Sensor Benefits 

Conduct engine experiments un-

der drive-cycle conditions to 

evaluate the benefits of EGR 

system and the additional sensor 

on fuel economy, emissions, and 

performance 

green done. 

    MS 3.1 Finalized control strate-
gies validated on en-
gine dynamometer 

  green done. 

    MS 3.2 Demonstration of po-
tential fuel economy im-
provement and emis-
sions performance 
achieved with IAO2 
compared to a model-
based EGR control 
strategy 

  green done. 

  T 3.2   Long-Term Durability 
Testing (Bosch) 

      

      Test Preparation Design Validation (DV) test 

specification to be prepared to 

demonstrate robustness of IAO2 

sensor to soot contamination and 

water thermal shock, as well as 

thermal and vibration stresses 

found in the intake under contin-

ual lean conditions. 

green done. 

        *Different bench scenarios was 

used instead of engine dyno to 

achieve more comprehensive re-

sults over lifetime. Approach 
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had been confirmed during 

Q1/2015 project review. 

      Durability Testing Perform DV test to confirm life-

time robustness of the developed 

sensor. 

green done. 

        *Different bench scenarios was 

used instead of engine dyno to 

achieve more comprehensive re-

sults over lifetime. Approach 

had been confirmed during 

Q1/2015 project review. 

green   

    MS 3.3 Present durability test-
ing results 

  yellow done. 

  T 3.3   Concept 2nd genera-
tion IAO2 sensor 

      

    MS 3.4 Concept for 2nd gener-
ation sensor 

Overview of possible design op-
tions for improved sensor de-
sign, Overview of chosen design 

green done. 

Table 4:  Work package description and status (phase 3). 
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1.9 Summary of Primary Project Accomplishments 
The following list summarizes the primary accomplishments achieved during phase 1, 2, and 3 
in this project. 

 

COMPLETED WORK PHASE I 

 Design concept for IAO2 sensor connector and housing complete. 

 Developed requirements and references for developing bench and endurance tests. 

 Flow test benches build and / or adjusted for sensor evaluation. 

 Engine assembled at Clemson. 

 Procured components to build IAO2 prototypes. 

 Built IAO2 prototypes. 

 Engine and simulation work for system evaluation and control development. 

 Testing and Validation IA02 sensor on engine and test bench. 

 Development of technical requirements sensor. 

COMPLETED WORK PHASE II 

 Robustness in Function. 

 Build and Design of Engine Durability Run for fouling. 

 Procured components to build IAO2 prototypes. 

 Development of fouling investigation process across a wide range of parameters. 

 Recursion of the design to improve sealing. 

 Completed ignition risk studies on Natural Gas applications. 

 Control strategy refinement. 

 Demonstration of benefits of control w/o sensing via simulation. 

 IAO2 2nd Generation work plan. 

 Completion of fouling testing. 

 Control strategy implementation and initial validation. 

 Built of IAO2 for Phase III work. 

 Completion of engine in the loop testing of developed control algorithm. 

 Completion of sensor testing including characteristic line, synthetic gas test stand and 

pressure dependency. 

 

COMPLETED WORK PHASE III 

 Specification of test plan for long-term durability validation. 

 Execution of long-term durability validation of IAO2 sensor. 

 Implementation of cEGR control strategy in Bosch ECU. 
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 Demonstration of benefits of control w/o sensing. 

 Study of possible second generation designs. 

 

2 IA02 Component Package Development 

2.1 Sensor Housing and Mounting 

The IAO2 sensor is based on an existing Bosch oxygen sensor design.  The baseline sensor is 

a traditional threaded sensor with a wire harness. The goal of the IAO2 sensor is to have a non-

threaded mounting and a direct connection to the vehicle wire harness, thereby eliminating the 

pigtail attached to the sensor. 

 

The traditional exhaust gas oxygen sensor has a well-defined set of requirements based on the 

exhaust environment. The exhaust gas can be very hot – over 1000°C. These temperatures 

lead to design and material choices for robustness in that environment. In the intake environ-

ment, the working gas is at much lower temperatures – about 200°C. At these temperatures dif-

ferent materials and design configurations can be made. The largest thermal issue for the intake 

sensor actually comes from the self-heating of the sensing element. This heat must be dissi-

pated to the environment. 

 

The four main subsystems of the sensor was modified to take advantage of the application envi-

ronment for the IAO2. The short sensor holds the sensing element in place and is the anchor for 

the other systems. The protection tube protects the sensing element from water, oil and the 

EGR particles in the intake air. The mounting components attach the sensor to the engine. The 

electrical connection provides power to the sensing element as well as conducting the signal to 

the vehicles ECU. The electrical connection also provides environmental sealing to the sensor 

from the under-hood environment. 
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Figure 2:  Comparison of traditional Oxygen Sensor to IAO2. 

 

2.2 Initial Design Concepts 

During the design process the concept evolved to accommodate for the intake environment. 

Due to space constraints of the under-hood environment and lower environmental tempera-

tures, there is an opportunity to change from the traditional wire harness concept for oxygen 

sensors towards more of an integrated connector concept that is employed on many sensors in 

the engine compartment. This type of design is usually accomplished with a plastic housing and 

connector, however due to the high operating temperatures of the sensing element there was 

heat concerns with using plastics and its use will have to be carefully considered in new de-

signs. Other design considerations include the mounting method, element protection and electri-

cal connection. 

 

The first design concepts included a short sensor that holds the sensing element and serves as 

the basis to mount other components. The first concept seen in figure 3 joins the short sensor to 

a connector and flange mount over-molded with a lead-frame.    
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Prototypes for this design were created for the purpose of temperature testing. The prototypes 

were made with a machined housing, rapid prototype connector pieces, and existing oxygen 

sensor components.  Results from temperature testing indicate that plastic materials are not 

suitable to handle the temperatures generated by the sensing element at the flange location as 

well as the contact end of the element.  

 

The next design concept, seen in figure 4, utilizes a turned housing for the short sensor and in-

corporates a stamped or machined metal flange which would be assembled to the short sensor. 

This flange concept has the advantage of improving the heat robustness and because the 

flange is assembled to the short sensor separately it allows for other mounting concepts to be 

easily interchanged without much redesign of the base sensor. The plastic housing for this sen-

sor was created to mate with the short sensor and the sensor element in one step, which would 

simplify the assembly process. The plastic material in this design had been moved further from 

the heat source to prevent melting. 

 

Figure 3:  Flange and Connector Over-mold Concept. 
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Prototypes for this design were created for the purpose of temperature testing. The prototypes 

were made with a machined housing, rapid prototype connector pieces, and existing oxygen 

sensor components. Results from temperature testing indicate that plastic materials are not suit-

able to handle the temperatures generated by the sensing element at the contact end of the ele-

ment.  

 

The next design concept, seen in figure 5, utilizes a turned housing for the short sensor and in-

corporates a stamped or machined metal flange which would be assembled to the short sensor. 

This concept is similar to the concept seen in figure 4, however the design of the connector 

housing had been changed to incorporate a ceramic contact assembly that is used in existing 

oxygen sensors which are designed for high temperatures. The plastic housing for this sensor 

was created to mate with the short sensor and the sensor element in one step, which would 

simplify the assembly process. The plastic material in this design had been moved further from 

the heat source to prevent melting. 

 

Figure 4:  Snap Fit Plastic Connector Housing with Inte-

grated Contacts. 
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Prototypes for this design were created for the purpose of temperature testing. The prototypes 

were made with a machined housing, rapid prototype connector pieces, and existing oxygen 

sensor components. Results from temperature testing indicate that plastic material mated to the 

short sensor is a marginal solution and may not be suitable long term. 

 

The next design concept, seen in figure 6, utilizes a turned housing for the short sensor and in-

corporates a stamped or machined metal flange which would be assembled to the short sensor. 

This concept is similar to previous designs, however the design of the connector housing had 

been changed to incorporate a ceramic contact assembly and metal sleeve that is used in exist-

ing oxygen sensors which are designed for high temperatures. The plastic connector housing 

for this sensor would be over-molded with the protective metal sleeve and lead frame assembly. 

The plastic material in this design had been moved further from the heat source to prevent melt-

ing. 

 

 

Figure 5:  Snap Fit Plastic Connector Housing Contact 

Holder Assembly. 
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Prototypes for this design were created for the purpose of temperature testing. The prototypes 

were made with a machined housing, rapid prototype connector pieces, and existing oxygen 

sensor components. Results from temperature testing indicate that plastic material mated to the 

protective sleeve allows for better heat dissipation and brings temperatures within a range that 

would allow for the use of some high temperature thermoplastic materials. 

 

The next design concept, seen in figure 7, utilizes a turned housing for the short sensor and in-

corporates a stamped or machined metal flange which would be assembled to the short sensor. 

This concept is similar to the previous design seen in figure 6, however the design of the con-

nector housing had been changed to a right angle design to allow for more space in the engine 

compartment. The plastic connector housing has been designed to be over-molded with a lead-

frame terminal set and the protective metal sleeve.  

 

Figure 6: Welded Metal Sleeve with integrated plastic over-

mold connector. 
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Prototypes for this design were created for the purpose of temperature testing. The prototypes 

were made with a machined housing, rapid prototype connector pieces, and existing oxygen 

sensor components. Results from temperature testing indicate that plastic material mated to the 

protective sleeve allows for better heat dissipation and brings temperatures within a range that 

would allow for the use of some high temperature thermoplastic materials. New prototypes are 

being made with molded connector halves in different materials and further ongoing testing was 

done with these prototypes. One area of concern with this design is the seal created between 

the over-molded plastic connector housing and metal sleeve. Due to differing thermal expansion 

rates and poor adhesion strength a leak path may be created due to thermal cycling. This will 

have to be considered in future designs. 

 

2.3 Protection Tube Optimization 

Sensor function and durability are direct results of the sensor protection tube and its ability to 

not only protect the sensing element from contaminants but also pass the sampling gas across 

the sensing element.  The IAO2, as designed, provides the opportunity to utilize a directionally 

fixed protection tube.  All other protection tubes give up a level of function in the sense the tubes 

must be operable at any installed angle.  The flange mount for the IAO2 fixes the installation ori-

entation and thus permits directional installation.   

 

Figure 7:  Design Concept. 
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The IAO2 utilizes a cyclone separator style tube for protection and operation.  This protection 

tube was designed and further optimized utilizing Design for Six Sigma strategy and can be 

seen below in figure 8. 

 

 
Figure 8: Protection tube. 

 

This concept was tested for function and deemed sufficient to continue development.  The fur-

ther development of this tube centers around providing positive results as related to:  Sensor 

switch time, heater power demand, water thermal shock protection for the element and robust-

ness to soot development.  Taking these requirements into consideration, control factors were 

established and a test and designing matrix was established to measure and analyze the indi-

vidual impact of each of the control factors on the overall sensor performance.  Figure 9 shows 

the variants that were tested. 

 

 
Figure 9: Protection tube variants 

 

The combinations of inner and outer protection tubes were assembled and tested and the re-

sults were used to select the ideal combination of control factors that provide the most benefit to 
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the performance of the protection tube.  Figures 10-12 show graphical representations of some 

of the data generated during the functional testing. 

 

 
Figure 10:  Heater Power Consumption. 

 

y = 0.2723x + 9.8109
R² = 0.9778

R14 Heater Power
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Figure 11:  Response Time. 
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Figure 12:  Thermal Shock Resistance. 

 

The influence of each of the control factors was analyzed for the effects on sensor function and 

performance.  From this analysis the control factors was combined into one design and this was 

the optimized protection tube. 

 

2.4 Sensor Location 

While evaluating the impacts of sensor location on cEGR control, it is important to understand 

the dynamic response time of the LSU-IM1 sensor. Unlike normal lambda sensor applications, 

the concentration of inert material and the temperature of the gas within the intake environment 

are very low. Response time is a paramount concern for sensing the presence of externally in-

troduced exhaust gases since a large error can result in engine misfire or flameout. A flow 
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bench, as shown in Error! Reference source not found.2, was established to allow the intro-

duction of inert gas (nitrogen) in precise quantities. 

 

 
Figure 13:  Layout for transient testing. LSU is located downstream of a CNG PFI injector 

connected to a nitrogen source. Dimensions shown in [inches] and mm. 

 

Testing has been conducted for LSU-IM1 sensor with a standard protection tube designed for 

the exhaust gas sensing application and compared to a sensor without a protection tube. The 

testing results have indicated that the sensor with the standard protection tube leads to a first-

order response time of 2.5 times longer than that of a sensor without protection tube. Design ef-

forts are currently on-going to optimize the design of protection tube for the application of sens-

ing in the intake manifold. In the mean-time, engine simulation efforts was conducted to under-

stand the impacts of such dynamic response time on cEGR control. The task of sensor location 

determination has started. Location data is also being collected from potential users of the IAO2 

sensor. 

2.5 Prototype Sensor Fabrication 

A critical element for the assembly process is the pressing and welding operation. There 

are three operations that will require fixing and welding of components: Protective 

sleeve to housing, flange to housing and the protection tube to housing. Test parts were 

machined to represent the actual parts. These test parts were used to validate that the 

laser welding process works for fixing and sealing the necessary components. The next 

steps are to design and build the requisite tooling for the protection tube press opera-

tion. Since this is a known process for the currently produced sensor, there is no con-

cern related to our ability to execute this step. As purchased components are received, 
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quantities of 6 are pulled along with the drawing and a full dimensional evaluation is 

conducted to ensure the parts meet the design. Any deviation was fed back to the de-

sign team such that replacement parts can be ordered or the deviations may be incor-

porated into the design. No deviations have been found thus far. 

 

Purchased components for the IAO2 were received dimensionally verified prior to the 

build.  All purchased parts met the print and no unplanned modifications were required 

in order to obtain proper fitment.  

 

During the evaluation phase of the on line and off line assembly process, it was deter-

mined the existing production line could not be used for prototype assembly due to tool-

ing space restrictions that are created by the features unique to the IAO2 such as the 

flange and the over-molded housing.  This necessitated the focus to be directed to off-

line assembly methods. Various fixtures and part holding mechanisms were built and 

validated for effective operation.  Of these, the most suitable were selected and refined.   

 

Short sensor assembly and protection tube welding is an established process and fur-

ther development was not required.   

 

Maintaining the desired press force during welding was accomplished by using specially 

designed tooling that fixes the orientation of the components and also holds a load cell 

for dialing in the specified loading.   

 

2.6 Thermal Shock Resistance Testing 

To assess the robustness of the sensor to liquid water, the distribution of water in the intake 

needs to be understood. Water can come from several sources – liquid water passing through 

the air filter, condensed water from the exhaust collected and discharged by the charge air 

cooler and water condensed from the air flowing past the throttle into a low pressure region. 

 

For the thermal shock resistance testing of the baseline exhaust sensor protection tubes (PT1 

and PT2) and the design optimization of the new protection tube, a prototype test stand was de-

signed and built by the oxygen sensor engineering group in Anderson, SC.  Once the test stand 

was assembled, air speed measurements were recorded at the sensor test position for the 

available power settings on the blower and the flow rates of both water injection nozzles were 

determined at multiple pressure settings to ensure that testing could be completed according to 
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customer and Bosch internal specifications.  Then experiments were run to determine the opti-

mum set-up parameters for air and water flow rates, pulsation speed, water nozzle position, test 

duration and water cycle in order to evaluate the performance of the different protection tubes.  

With the test procedure established, the test bench was validated for repeatability by completing 

ten test runs on a new protection tube design with the same input parameters for each run. 

 

 
Figure 14:  Prototype Thermal Shock Test Bench (initial set-up). 
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Figure 15: Prototype Thermal Shock Test Bench (final position of water nozzles). 

 

 
Figure 16:  Thermal Shock Test Bench Repeatability Trial Results. 
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Then two test runs were completed using the same input parameters with two different protec-

tion tubes (New-1 and New-2) to determine if there was separation between the designs. 

 

 
Figure 17: Thermal Shock Test Bench Trial with New Design Protection Tubes. 

 

For B-sample protection tube evaluation, the flow bench test stand in Bosch Anderson, SC men-

tioned in the section above was modified to add thermal shock testing capability.  This test 

stand will allow parts to be tested at lower air velocities (simulating car idle condition), give a 

more constant air flow rate and have real time monitoring of air speed and pressure.  The initial 

design concept for the piping and sensor mounting has been agreed to by the team.  The water 

injection system and final design was completed at the beginning of the 1st quarter 2014 so that 

test bench was ready by the beginning of the next quarter.  In addition, thermal shock testing 

was validated on an engine at Oak Ridge National Laboratory (ORNL) using a water injection 

system. 
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The customer requirements gathered for the intake manifold environment related to water 

amount and flow rate for thermal shock vary to a large degree and should be verified by the 

Bosch application engineering group with the different customers before test parameters are es-

tablished to validate the IAO2 sensor. Confirmation of intake manifold conditions was performed 

at ORNL on an engine. Thermal shock as well as contamination testing on engine will assess 

the robustness of the IAO2 to this environment.  

2.7 Contamination Testing 

A flow bench was used to conduct contamination tests on the IAO2 sensor at ORNL.  The in-

take manifold that will hold the test sensors is currently being constructed.  The first study will 

determine the effect of water in the intake gas on the sensor.  The first part of the experiment 

will measure the sensor response as the percentage of water is increased as the percentage of 

N2 is decreased in steady increments.  The second group of tests measure the sensor output 

as the EGR amount is steady increased.  The second study will measure the cross-sensitivity of 

the sensor to various concentrations of CO, NOx, C3H6 and NH3. 

2.8 Water Condensation Management 

Due to the substantial cooling of the EGR in some extreme operating conditions, there is the 

possibility of water saturation/condensation downstream the EGR cooler. Water condensates 

could be harmful to the intake oxygen sensor and affect the oxygen measurement accuracy. For 

that reason, a first study on water saturation has been conducted using the GT-Power model. 

Using a DoE approach to sweep through different ambient temperatures, EGR fractions and ex-

haust gas temperatures downstream the EGR cooler, the water saturation effect was identified. 

Figure 1818 demonstrates the water partial pressure of the working fluid as a function of tem-

perature as it passes through the various components of the EGR configuration. It is evident 

that several operating conditions can be found where the working fluid is below the saturation 

line and condensation occurs. 

 

Figure 1919 shows the actual simulation results on water condensation. Three different loca-

tions in the LP EGR path are being shown. Downstream the EGR cooler and before mixing with 

air, the most important parameter for water condensation is the EGRcooler_Out temperature. 

Below 60oC, condensation will probably occur for every EGR dilution. After mixing with air and 

upstream of the compressor, the main parameter that dictates condensation is the ambient tem-

perature since air is the main component of the mixture. For EGR dilution above 10%, ambient 

air temperature less than 3oC will cause condensation (EGRcooler_Out temperature=85oC is 

assumed). Finally, downstream the compressor, the working fluid’s elevated pressure drives the 
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mixture above the saturation line and thus much colder ambient temperatures are required for 

the water to condensate. 

 

 
Figure 18: Water saturation in the Low Pressure EGR path 
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Figure 19: Working fluid temperature above dew temperature in three different locations 

of the LP EGR path. Negative values in the graphs depict water condensation is likely 

2.9 Thermal Management 

The thermal interaction of the sensor and the engine is of concern for the materials at the inter-

face. The use of non-metallic manifolds and piping limits the amount of heat that can be trans-

mitted from the sensor to the mounting location. The sensor itself generates heat which must be 

conducted into the mounting. To evaluate the temperature limits engine tests were made at high 

and low load conditions as well as normal and elevated ambient conditions. The data from an 

instrumented sensor was recorded and used to create temperature maps for the mounting 
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flange and the sealing O-ring. Figure 20 shows that for high load conditions the flange tempera-

ture can exceed 180C and the O-ring temperature can exceed 200C.  

   

 
Figure 20:  Thermal mapping at rated power conditions. 

2.10  Long-Term Durability Testing 
The long term durability test plan was established to validate the sensor to a service life of 
250,000km (155,000 miles) / 15 years with a combination of environmental, mechanical, func-
tional, and endurance tests.  The samples were produced in three mounting configurations (Fig-
ure 21) due to varying customer assembly method requirements and for ease of testing.  The 
testing was completed in two groups (see Figures x and x) due to the availability of components.  
       

 

Figure 21:  Sensor build configurations. 
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Figure 22:  Group 1 test plan and status update. 
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Figure 23: Group 2 test plan and status update. 

 

After completion of the validation testing at the end of December, it became apparent several 

items additionally needed to be addressed before moving forward to the next sample phase.  

These items are the following: 

 

 Voids were found in the sealant that is used to ensure a leak tight seal between the con-

nector assembly and the metal sleeve.  Despite the voids, all parts passed bubble leak 

Group 2

Pre-Testing

Environmental

Hot Storage

400hr

Cold Storage

96hr

Thermal Shock

1200 cycles

Damp Heat Steady 
State

21d 

Humid Cycling

10d

Environmental / 
Mechanical

Water 
Submergence

10 cycles

Pre-Treatment

(Environmental)

Cross Section / SEM 
Analysis

Environmental

Water Spray (IPX6K)

3 min / part

Water Cleaning 
(IPX9K)

2 min / part

Sequence Testing

Pendulum

Thermal Cycling

100 cycles

Engage / Disengage 
with Counterconn.

10 cycles

Sine Vibration

22hr x 3

Water 
Submergence

10 cycles



 

 

From Our Reference Telephone 

GS-SI/ENG-NA Claus Schnabel (248) 876-2533 
 
 

Project         DE- EE0005975 REGIS 

Subject        Final Technical Report For Project End Date 12/31/15 

 

 

Page 38 of 101 

 

 

     

Anderson 

March 30, 2016 
 
 

 

    

testing with the exception of one part that produced bubbles between the connector as-

sembly and the mating counter-connector assembly.  The root cause analysis is still un-

derway. 

 Two sensors failed functional testing before any durability testing was initiated.  The 

sample shop assembly process was investigated to determine the root cause. 

 

 One sensor failed functional testing as a result of the stone impact testing.  This type of 

mechanical damage testing is a standard design validation test for oxygen sensors, how-

ever the impact positions on the sensor had to be modified due to the flange and inte-

grated connector assembly.  The test procedure is under investigation to ensure that the 

test is representative of application conditions. 

 

 One sensor failed high pressure water spray testing.  The sensor is being evaluated to 

determine if water entry from the spray testing was cause of the failure or if the sensor 

malfunction occurred due to improper handling of the sensor during or after the testing. 

3 IA02 Sensor Control System Development 

3.1 Overview 

The Clemson University team focused on two primary objectives during this research project; 

(1) determining the fuel economy benefits of using low-pressure and cooled EGR (LP-cEGR) on 

a spark-ignition gasoline engine, and (2) developing EGR control and adaptation algorithms that 

utilized feedback from an intake oxygen sensor. A modified GM LTG turbocharged engine was 

also installed in a dynamometer cell at CU-ICAR, and a corresponding GT-Power engine model 

was built and calibrated. The test engine was utilized for data collection as was equipped with a 

rapid-prototype control system for testing intake oxygen sensor-based feedback algorithms. Sig-

nificant conclusions from the Clemson University research are: 

 

 Simulation and optimization techniques using calibrated GT-Power engine models are 

proven to be capable of predicting EGR fuel efficiency benefits with high accuracy, thus 

helping to guide and support research while at the same time reducing dynamometer test-

ing during the design phase of this new concept. 

 

 Low Pressure cooled EGR system provides efficiency benefits from 2% up to more than 

3% over a base vehicle without EGR, for the FUDS and FHDS driving cycles. 
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 Accurate prediction and control of EGR (using the intake oxygen sensor) provides about 

0.5% efficiency benefit over the current state-of-the-art EGR control, for the FUDS and 

FHDS driving cycles. 

 

 A simulation study of Artificial Neural Networks shows the possibility of effectively ac-

tuating on the VVT system to minimize burned gas dilution in order to avoid misfires 

during aggressive throttle tip-outs; such approach accommodates transient control chal-

lenges to allow for higher EGR rates, thus maximizing fuel efficiency benefits. 

 

 Compressor outlet proves to be the most effective location for intake oxygen sensor in-

stallation, considering EGR valve feedback quality, sensor response time and sensor op-

eration (affected by pressure pulsations, water condensates, etc.). 

 

 Open-loop modeling of EGR mass flow is challenging due to low pressure differential 

and significant influence of pressure pulsations across the EGR system 

 Transport delay from the air-EGR mixing location to the intake oxygen sensor restricts 

controller performance due to reduced stability margins. 

 

 Transport delay modeling of the entire EGR flow path shows good correspondence with 

experimental testing of the actual delay, with less than one engine cycle error for each of 

the three individual sections of the flow path (from the exhaust to the intake manifold). 

 

 Lower level EGR valve position controller performance is critical for EGR dilution con-

trol. 

 

 A dynamic orifice mass flow model is investigated and calibrated for the EGR system 

and shows improvement in feed-forward prediction compared to the conventional orifice 

mass flow model. 

 

 A physics-based coupled exhaust temperature and pressure model was developed to pro-

vide EGR valve inlet (turbine outlet) pressure estimation to the orifice flow model, with-

out the need of a physical sensor in the exhaust; real-time transient experimental testing 

of the model shows average absolute error of the exhaust pressure estimation to be less 

than 0.2 kPa with standard deviation less than 0.15 kPa. 
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 A Smith Predictor-based feedback control and dead-time delay compensator was de-

signed and tested experimentally; average step response overshoot is reduced by up to 

22% over pure feedback control. 

 

 A Sliding Mode controller was designed to improve EGR valve position control over 

conventional PID. 

 

 An Extended Kalman Filter-based adaptation algorithm was developed in order to correct 

the calibrated orifice flow estimation (using intake oxygen sensor measurement) and to 

create an online adaptation map to improve feed-forward estimation in subsequent time-

steps.  Short-term and long-term variations were accommodated through this algorithm 

and real-time experimental validation shows a large reduction in EGR prediction error 

using this approach. 

3.2 Test Facility Development 

A GM EcoTec 2.0L 4-Cylinder LTG was used for this research because it represents the current 

state-of-the-art in mass production high efficiency gasoline engines. The test engine (see table 

5) is turbocharged, direct fuel injected, and is equipped with dual-independent camshaft phasing 

systems. The combustion chamber bowl on the head has four valves and a pent-roof shape with 

a cavity for the fuel injector. The piston crown is shaped to allow wall guided spray injection. Ig-

nition is achieved using high-energy coil-on-plug coils triggered by TTL level ECU signals. A 

BorgWarner K03-2074 twin-scroll turbocharger with internal waste-gate and blow-off valve is in-

stalled on this engine. A Low Pressure cooled EGR (LP-cEGR) configuration is also applied, as 

shown in 34. Exhaust gases are extracted downstream of the turbine. EGR passes through a 

cooler and is delivered to the intake air-path system upstream of the compressor. The EGR 

cooler is a tube-core type chosen for low pressure differential. Twin liquid-to-air intercoolers 

have been used to allow high boost/load capability. Production-intent engine controllers have 

been modified to include software hooks on specific engine control parameters. 

 

Engine Type In-line 4-cylinder SI 

Displacement 1998 cc 

Bore x Stroke 86 x 86 

Compression Ratio 9.5:1 

Intake System Twin-Scroll Turbocharger (waste-gate controlled) with Intercooler 
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Valve Train DOHC, 4-valves/cylinder with Continuously Variable Valve Timing 

 

C 

Fuel Injection System Direct injection 

EGR System Low Pressure cooled EGR 

Table 5:  Engine Specifications. 

 

A 430 kW AC engine dynamometer is used for the experimental portion of this research, as 

shown in 34. Crank angle resolved data acquisition is performed using an AVL-671 32-channel 

system. Cylinder pressures are measured using AVL GH12D piezoelectric sensors. Piezo-resis-

tive Kulite transducers are used for dynamic pressure measurements in both the intake and ex-

haust ports of the test engine. Dedicated liquid cooling circuits have been utilized for exhaust 

manifold pressure transducers. The data are sampled at 0.5 crank angle degree intervals to 

properly capture all relevant gas exchange characteristics. K-type thermocouples are utilized for 

measurement of temperatures at specific locations on the engine. 

 

 
Figure 24:  The engine dynamometer facility at CU-ICAR was used for control system de-

velopment. A low-pressure cooled-EGR system was added to the engine to test intake 

oxygen sensor based feedback control algorithms under conditions with minimal pres-

sure differential across the EGR valve. 
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A Bosch engine controller is modified to include software hooks on specific engine control pa-

rameters. An ETAS ES910 Rapid Prototype Controller (RPC) is used in conjunction with the 

base engine controller using CAN Communication Protocol (CCP) bypass communication. This 

is done to establish data interface between the base engine controller and the rapid prototype 

controller. EGR control systems developed in Simulink are compiled and deployed into the 

ETAS ES910, enabling real-time execution of control algorithms. The ES910 systems work with 

the calibration software INCA. 

 

3.3 Control System Development 

Architecture of control algorithms is influenced in part by the physical layout of the engine hard-

ware. Initial control system development involved research to determine; (1) optimal intake oxy-

gen sensor location, (2) EGR calculation using intake oxygen sensing, and (3) correction meth-

ods for cross-sensitivities that the intake oxygen sensor can exhibit with different intake gas 

compositions. Intake oxygen sensor location is a key factor in control system behavior since it 

will play a role in feedback signal delay as well as sensor cross sensitivity to ambient factors 

(e.g. pressure compensation, intake species, etc.). After intake oxygen sensor location was fi-

nalized, transport delay models were developed to ensure accurate EGR fraction measurement 

in the intake during transient conditions. The transport models require a feed-forward estimate 

of EGR mass flow through the EGR valve, which is difficult to determine when pressure differen-

tial across the valve is low. A new EGR valve flow model was developed to partially account for 

the influence of pulsating flow at the EGR valve, and improve mass flow estimation under low 

pressure differentials as compared to commonly used orifice flow equations. The EGR valve 

flow model also requires an accurate exhaust pressure estimate, so a control-oriented exhaust 

pressure estimation method was also developed. These models combined to provide an accu-

rate estimate of EGR fraction in the intake under all operating conditions, allowing the signal to 

be used for feedback control and long term adaptation. A feedback control system, based on a 

Smith Predictor, was developed and tested in real-time over transient conditions. A long term 

and short term Extended Kalman Filter-based adaptation algorithm was also implemented and 

tested in real-time on the dynamometer cell. The algorithm proves capable of correcting large 

EGR valve mass flow modeling errors, and makes EGR control under low pressure differentials 

much more feasible than using open loop control alone. 
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3.4 EGR System Evaluation and Control Development 

EGR and species transport is being investigated to identify system behavior with boundary 

changes of the EGR loop (engine speed, load) and during rapid/step changes in EGR request. 

Focus of the transport behavior is given to three crucial transport delays (shown in Figure 25); 

(1) between the exhaust oxygen sensor and EGR valve, (2) EGR valve to intake oxygen sensor, 

and (3) intake oxygen sensor to the individual cylinders. 

 

 
Figure 25:  There are three important transport delays that must be considered in real-

time to achieve accurate EGR calculation and valve control. 

 

Several experiments were performed to quantify the transport characteristics of cooled exhaust 

gas across the air system on the test engine. The characterization was done by changing the 

EGR valve position in rapid steps. The delays were measured on an engine cycle scale wherein 

one cycle corresponds to two crankshaft revolutions beginning from the combustion TDC of a 

fixed reference cylinder. Oxygen sensors were located in three locations; in the exhaust after 

the turbine, in the intake path after the compressor and on the intake runner of cylinder 1. 25 

shows that for a step change in the EGR valve position, the oxygen sensor post-compressor re-

ports the EGR concentration change approximately 3 cycles after the change in valve position is 
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initiated. Similarly, the oxygen sensor on the intake runner reports the EGR concentration 

change approximately 10 cycles after the valve position change. Additionally, the effect of this 

EGR concentration change on combustion is detected as a change in the CA50 angle as the 

spark timing was held constant. Due to the close proximity of the Oxygen sensor on the intake, 

to the cylinder, the change in CA50 appears to occur at the same instant as the change in Oxy-

gen concentration detected by the sensor intake runner. This can also be attributed to the de-

pendence of the sensor response time on flow velocity. These transport delays would change 

significantly if air system components are modified or changed and hence the characterization 

process would have to be repeated for the modified air system (e.g. changes in pipe lengths 

and diameters, intercooler volume, etc). 

 

 
Figure 26:  Transport delay characterization of recirculated exhaust gas using EGR valve 

position step changes. 
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Additional control complexity is created by the time response of the sensor, which depends 

upon its position in the system and operating conditions. Sensor delay depends on flow condi-

tions, and mainly gas velocity, whereas sensor accuracy depends on gas composition. Figure 

28 shows the sources of response time and output changes for the intake oxygen sensor, all of 

which was modeled for the purposes of real-time control and EGR estimation. 

 

 
Figure 27:  Intake oxygen sensor output is a function of local conditions and species 

concentrations.  All of these factors are being modeled for the purpose of real-time con-

trol. 

 

Using some initial measurements (provided to Clemson by Bosch) which correlate gas velocity 

with sensor delay, Figure 28 shows the sensor delay at different positions in the intake air path 

for a given engine speed and load. 
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Figure 28:  Modeled sensor response times for an intake oxygen sensor located at differ-

ent positions.  The compressor inlet location provides the lowest response time, which is 

desirable for control.  

 

For real-time control applications, a simplified control algorithm is being developed. Control 

equations are being developed for the calculation of the EGR transport delay and control of the 

EGR valve. Valve control was based on the low pressure differential and the pressure pulsa-

tions coming through the exhaust of the engine. These equations was calibrated and validated 

according to the detailed physical GT-Power simulation model. However, they was extremely 

simplified in order to be able to run real-time. 

 

A Uniform State, Uniform Flow Process, where the working fluids (air & exhaust gas) behave 

according to the Ideal Gas Law, is assumed for control purposes. The flow path is split into dif-

ferent sections based on the flow conditions. Each section was governed by constant tempera-

ture, pressure, mass flow rate and gas composition. As shown in Figure 29, an average cross 

sectional area and length is assigned to each section to further simplify the equations. 
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Figure 29:  Intake duct modeling for the generation of real-time control equations. 

 

A first rough estimation of the transport delay calculation is derived using this approach and 

gives reasonable results, as shown in Figure 30. 
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Figure 30:  Error in transport delay calculation using a simplified flow calculation ap-

proach intended for real-time engine control. 

 

The equations provide similar trends with the detailed simulation results. In this case, all the flow 

paths are considered to be straight lines. Through more detailed research and calibration of the 

results, certain correcting factors was applied to account for bend pipes, restrictions in the flow 

(valves), area changes, etc. Furthermore, the exhaust pressure pulsations need to be consid-

ered and included in the equation for better prediction at low average pressure ratios across the 

EGR valve. The simplified flow equation has been modeled in Simulink as a simple subsystem 

shown in Figure 3131. Several instances of this subsystem was implemented to model different 

control volumes in air system. The delays was applied to the constituent species of recirculated 

exhaust which influence the oxygen concentration measurement and the combustion. 

 

tdelay
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Figure 31: Simplified flow equation modeled in Simulink 

 

Since the recirculated exhaust takes 3 cycles to reach the oxygen sensor after the compressor, 

first estimation of EGR mass flow to adjust the valve position will have to be derived from a feed 

forward model shown in Figure 3232 which will utilize the pressure difference across the valve 

as an input. Accordingly, the derived mass flow can either be simply obtained from a lookup 

table or from a orifice flow equation as per the choice of the user. This approach has been 

chosen because the pressure pulsations at the inlet of the EGR valve may cause reduction in 

accuracy of the mass flow estimation and a lookup table may be a more viable solution during 

real time operation. 
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Figure 32: EGR Valve feed forward model. 

 

The EGR control system model developed in Simulink was compiled and deployed into the 

ETAS ES910 which is a Rapid Control Prototyping platform enabling real time execution of the 

control system and it would also allow calibration and measurement of parameters defined in 

the model using the calibration tool INCA. The control system software and hardware architec-

ture is shown in Figure 3333. 
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Figure 33: Control system software and hardware architecture 
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3.5 Simulation Development 

A GT-Power model of the engine system was built to represent the setup created in the dyna-

mometer cell at Clemson University. Geometric information related to the fuel injectors, combus-

tion chamber shape, valve lift profiles, and geometric parameters of the entire gas flow path 

were used to build the model. Turbo maps (compressor and turbine) were supplied by 

BorgWarner, and their cooperation is greatly appreciated. The GT-Power model was assessed 

and validated using data from the engine operation in the dynamometer. Data from different en-

gine speeds and loads were used in order to calibrate the model. Comparison of the P-V dia-

grams and pumping loops show very good approximation of the experimental results. In Figure 

34 simulation results (blue lines) are compared with experimental data from cylinders 1 and 4 of 

the engine (red and green lines respectively). At some operating points large variations in the 

peak cylinder pressures can be detected between the two cylinders of the test engine, which 

likely results from cylinder-to-cylinder variations in EGR dilution. However, the simulations trace 

almost identically with at least one of the two experimental P-V traces, while the pumping loop 

trends are very closely followed by simulation results. 

 

 
Figure 34:  Sample GT-Power pumping loop comparison between simulation (blue lines) 

and experimental data of cyl.1, 4 of the engine (red, green lines) for a load sweep at 2000 

rpm. 

3.6 Intake Oxygen Sensor Location and In-Use Correction 

Four different locations for the intake oxygen sensor were evaluated in order to find the one that 

delivers the most accurate results; (1) upstream of the compressor, (2) downstream of the com-

pressor, (3) downstream of the charge air cooler and (4) downstream of the throttle. Main con-

siderations that dictate the sensor location are sensor response time, possibility of water con-

densates reaching the sensor, mixing quality of the air-EGR mixture, and pressure pulsations. 
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These influences partially determine the EGR concentration feedback quality, which is mainly 

dictated by how immediate the sensor response is to any EGR valve actuation. Figure 44 shows 

the sources of response time and output changes for the intake oxygen sensor, all of which was 

modeled for the purposes of real-time control and EGR estimation. 

 
Figure 35:  ANN outputs and (External EGR + Internal Residual) levels during a torque tip-

out (2000 RPM with constant 10% external EGR) for an ANN-based VVT actuation control 

model compared to base model without VVT actuation. 

 

Time response of the sensor depends upon its position in the system and operating conditions. 

Sensor delay depends on flow conditions, and mainly gas velocity, whereas sensor accuracy 

depends on gas composition. The outlet of the compressor and the intercooler-outlet sensor lo-

cations would provide similar response times. The response time for the throttle outlet location 

was strongly depended on throttle opening. Inlet of the compressor will provide the fastest re-

sponse, however the mixture is not homogeneous right after the mixing location. Improper air-

EGR mixing would generate errors in the sensor measurement. Besides, in such case, one of 

the main benefits of Low Pressure EGR configuration, which is good mixing, would not be capi-

talized in the feedback signal. Moreover, upstream of the compressor, exhaust pressure pulsa-

tions travelling through the EGR loop into the intake side, may cause instabilities in the sensor 

reading, since sensor output is dependent on (and being corrected for) pressure. 

Water condensation limitations associated with adding an intake oxygen sensor in the LP EGR 

path were studied in detail. Besides damaging the compressor blades, possible water conden-

sates of the recirculated gases could affect the measurement of the intake oxygen sensor. For 

that reason, DoE simulation studies (GT-Power) were used to quantify this effect, and results 
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are shown in 45 and 46.  Three different locations in the LP EGR path are being shown. Down-

stream of the EGR cooler and before mixing with air, the most important parameter for water 

condensation is the EGR cooler outlet temperature (EGRcooler_Out). Below EGR cooler outlet 

temperatures of 60oC condensation is likely to occur for every EGR dilution level. After mixing 

with air upstream of the compressor, the main parameter that dictates condensation is the ambi-

ent temperature since air is the main component of the mixture. For EGR dilution above 10%, 

ambient air temperature less than 3oC will cause condensation (EGRcooler_Out tempera-

ture=85oC is assumed). In contrast, downstream of the compressor, the working fluid’s elevated 

pressure drives the mixture above the saturation line and thus much colder ambient tempera-

tures are required for the water to condensate. Finally, the post-intercooler location will also in-

troduce challenges with water condensation due to the further decrease in mixture temperature. 

Thus, it is evident that several operating conditions can be found where the working fluid is be-

low the saturation line and condensation occurs. 

 

 
Figure 36:  Water saturation potential in the LP-EGR path. 
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Figure 37:  Working fluid temperature above dew temperature in three different locations 

of the LP EGR path. Negative values in the graphs depict water condensation is likely. 

 

As far as the EGR feedback quality is concerned, the closest the sensor is located to the EGR 

valve, the more immediate the action of the controller may be to any EGR valve actuation. In 

addition to that, it is important to make sure that the sensor response time is always less than 

the transport delay from the sensor to the cylinders. This factor could set a limitation on sensor 

location, since post-throttle location could produce measurements that are very close to this 

constraint. Table 6 summarizes the aforementioned advantages and disadvantages of each ox-

ygen sensor location. 
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Table 6:  Intake Oxygen Sensor Location Considerations 

 

Analysis of experimental data provided by Bosch was conducted in order to characterize the 

sensitivity and accuracy of the LSU intake oxygen sensor. The data from Bosch are derived 

from emission test benches located in the intake and exhaust of the engine. In this way, the in-

take oxygen sensor signal can be compared to the actual EGR dilution as calculated from the 

intake O2 measurement. Without any correction, the sensor output deviates from the real EGR 

dilution, due to in-sensor reactions. The relative effect of different parameters on the sensor ac-

curacy was quantified using JMP statistical software. Parameters that were studied include ex-

haust lambda, mass flow rate through the sensor, species concentrations in the exhaust and 

species in the intake. A multiple regression method was used through JMP software to identify 

correlations and provide ‘best-case’ linear equations of these parameters that correct the sensor 

output. Table 7 summarizes the accuracy statistics for different correction methods based on 

the inputs provided to the algorithm. 

 

 

 

 

 

EGR Correction Inputs R
2

 RMSE (EGR %) Max EGR Error (EGR %) 
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Linear regression of sensor output 0.885 1.93 4.44 

𝝀 0.960 1.14 2.89 

𝝀, 𝒎̇𝒇𝒍 0.967 1.04 3.02 

𝝀, 𝒎̇𝒇𝒍 ,  𝒆𝒙𝒉𝒂𝒖𝒔𝒕 𝒔𝒑𝒆𝒄𝒊𝒆𝒔 0.989 0.61 1.73 

𝝀, 𝒎̇𝒇𝒍 ,  𝒊𝒏𝒕𝒂𝒌𝒆 𝒔𝒑𝒆𝒄𝒊𝒆𝒔 0.999 0.16 0.43 

Table 7:  Statistics summary for different intake oxygen sensor correction methods 

based on the inputs provided to the algorithm. 

 

3.7 Constraint Modeling: Knock, COV of IMEP, and Exhaust Tempera-
ture  

A key objective of this project is to recognize the benefits from knowing the exact value of EGR 

with the help of intake oxygen sensor feedback, allowing more EGR to be utilized under certain 

conditions without violating constraints. Without feedback, EGR rates are limited due to the un-

certainty in the exact amount entering the cylinders at each cycle. This intentional limiting of 

EGR increases the robustness of the calibration across mass-produced engines, but it also rep-

resents a fuel economy penalty. The intake oxygen sensor provides the possibility to minimize 

uncertainty in EGR quantity and thus increase the operational window of EGR without violation 

of constraints. The primary constraints considered for this research are knock, COV of IMEP, 

and exhaust gas temperature.  

 

Cooled EGR is capable of suppressing knock onset and can therefore improve fuel economy by 

allowing engine operation at a more optimal combustion phasing. Knock-limited operation is de-

fined by a required deviation from optimal spark timing (MBT) to reduce the change of end-gas 

auto-ignition (by reducing pressure and temperatures). An existing knock model provided in GT-

Power that accounts for EGR dilution was utilized for this research.   

 

Maximum exhaust gas temperature limitations for protection of engine system hardware reduce 

fuel economy. To limit exhaust gas temperature under high-load conditions, the engine is gener-

ally operated fuel-rich, which is inefficient and it reduces catalytic reduction of HC and CO. It is 

important to note that slightly rich operation can also produce higher torque levels than stoichio-

metric operation. The use of cooled EGR at high loads reduces exhaust gas temperature and in 

turn reduces the level of rich-fuel required to control exhaust gas temperature. The use of 
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cooled EGR will decrease volumetric efficiency at full load, and will likely also have a negative 

impact on peak torque output. Using high EGR dilution levels at high load is also difficult be-

cause an over dilution condition could occur during a rapid throttle tip-out. During a rapid tip-out 

internal residual gas fraction will increase quickly, while it may take much longer for external 

EGR to purge out of the intake system. This situation can cause over-dilution and has the po-

tential to create misfires, so it also limits peak EGR dilution at high loads. For this research, ex-

haust gas temperature is constrained to be less than 900 degrees C, and limiting peak EGR to 

avoid over-dilution during tip-out was partially considered. A camshaft phasing control system to 

mitigate tip-out over-dilution was studied, and is discussed later in this document.   

 

One potential fuel economy benefit of increased EGR quantity is reduced pumping work. How-

ever, excessively high levels of EGR increase COV of IMEP, causing emissions and drivability 

issues.  COV of IMEP is commonly viewed as a stochastic process, so an empirical correlation 

for COV of IMEP is required to capture this constraint in a 1-D simulation environment. Empiri-

cally it is observed that COV of IMEP is a relatively strong correlation to combustion duration, 

and EGR generally extends burn duration. Engine dynamometer measurements were used to 

develop a correlation between the CA10-CA90 duration (burn duration), which is the crank an-

gle duration between the instant where 10% of the air-fuel mixture is consumed and the instant 

where 90% of the mixture is consumed. 

 

To establish a COV of IMEP correlation experimentally the engine was operated at three operat-

ing conditions. At each operating condition a fixed valve overlap duration and timing was main-

tained to minimize the effect of internal residual exhaust gas on the dilution of the mixture. Ex-

ternal cooled EGR flow rate was increased gradually from levels corresponding to conditions re-

sulting in COV of IMEP lesser than 3% to approximately 4-6%. The general empirical limit for 

COV of IMEP is 3%, but higher values can be tolerated under some circumstances. 37 shows 

the correlation between the COV of IMEP and CA10-90 duration at three operating conditions. 

Based on these results, it can be seen that the COV of IMEP limit is breached when burn dura-

tion exceeds 22-24 Crank Angle Degrees. This is used as the basis to establish a burn duration 

limit as a constraint in GT Power simulations to provide a more accurate representation of real 

world operational limits on the engine. 
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Figure 38:  Correlation of COV of IMEP with CA10-CA90 duration for constraint modeling 

in GT-Power. 

3.8 EGR Transport Delay Modeling 

The recirculated exhaust gas path has been categorized into three fundamental sections, as 

shown in figure 39. The first section which begins at the UEGO (turbine outlet location) and 

ends at the EGR valve consists of the EGR cooler and some exhaust components. Transport 

across this section has been modeled to be an open-loop function of the position of the EGR 

valve and the pressure differential across the EGR valve. Most significant exhaust species con-

centrations except unburned-HCs are calculated real-time as a function of exhaust lambda. Esti-

mation of these species fractions is critical due to their influence on the intake oxygen sensor 

signal. The second transport section begins at the EGR valve, flows through the compressor, 

and ends at the intake oxygen sensor. Transport in this section has a significant impact on 

closed-loop EGR valve control performance and stability due to ‘dead-time’ behavior. The final 

control algorithm utilizes a tunable Smith-Compensator with PID control to reduce EGR concen-

tration oscillations on rapid EGR valve transients. The third and longest section begins at the 

intake oxygen sensor and ends at the cylinders. Prediction accuracy of this delay is crucial for 

control of spark timing and fuel mass, as EGR concentration affects combustion duration and 

displaces air mass in the cylinder.  
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Figure 39:  The EGR prediction and control models account for three transport delays in 

the engine air path to accurately determine EGR concentration and valve position using 

the intake oxygen sensor. 

 

Several experiments were performed to quantify the transport characteristics of cooled exhaust 

gas across the air system on the test engine. The characterization was done by changing the 

EGR valve position in rapid steps. The delays were measured on an engine cycle scale wherein 

one cycle corresponds to two crankshaft revolutions beginning from the combustion TDC of a 

fixed reference cylinder. Oxygen sensors were located in three locations; in the exhaust after 

the turbine, in the intake path after the compressor and on the intake runner of cylinder 1. Figure 

48 shows that for a step change in the EGR valve position, the oxygen sensor post-compressor 

reports the EGR concentration change approximately 3 cycles after the change in valve position 

is initiated. Similarly, the oxygen sensor on the intake runner reports the EGR concentration 

change approximately 10 cycles after the valve position change. Additionally, the effect of this 

EGR concentration change on combustion is detected as a change in the CA50 angle as the 

spark timing was held constant. Due to the close proximity of the Oxygen sensor on the intake, 

to the cylinder, the change in CA50 appears to occur at the same instant as the change in Oxy-

gen concentration detected by the sensor intake runner. This can also be attributed to the de-

pendence of the sensor response time on flow velocity. 
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Figure 40:  Transport delay characterization of recirculated exhaust gas using EGR valve 

position step changes. 

 

A Uniform State, Uniform Flow Process, where the working fluids (air & exhaust gas) behave 

according to the Ideal Gas Law, is assumed for control purposes. The flow path is split into dif-

ferent sections based on the flow conditions. Each section is governed by constant temperature, 

pressure, mass flow rate and gas composition. As shown in figure 49, an average cross sec-

tional area and length is assigned to each section to further simplify the equations. 
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Figure 41:  Comparison of actual and control model transport delays from engine experi-

ments. 

A first rough estimation of the transport delay calculation is derived using this approach and 

gives reasonable results, as shown in figure 42. The equations provide similar trends with the 

detailed simulation results. In this case, all the flow paths are considered to be straight lines. 

Through more detailed research and calibration of the results, certain correcting factors can be 

applied to account for bends, restrictions in the flow (valves), area changes, etc. The simplified 

flow equation was modeled in Simulink, and several instances of this subsystem was imple-

mented to model different control volumes in the gas path. The delays are applied to the constit-

uent species of recirculated exhaust which influence the oxygen concentration measurement 

and the combustion. 
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Figure 42:  Error in transport delay calculation using a simplified flow calculation ap-

proach intended for real-time engine control. 

 

The control model was dynamometer-tested in real-time using an ETAS-ES910 Rapid Prototyp-

ing controller. The EGR mass flow rate and engine speed were varied to obtain a wide range of 

conditions and transport delays in the EGR system. The exhaust lambda was changed in steps 

while maintaining a steady EGR flow rate. Validation results are shown in figure 43. The 

transport delays for each of the three section of the EGR flow path are shown individually. Re-

sults show that transport delays calculated by the control model through the entire flow path 

show good accordance with measured transport delays on the engine during both high and low 

mass flow operation. The vast majority of the points lie within the +-1 engine cycle band. 

tdelay
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Figure 43:  Comparison of actual and control model transport delays from engine experi-

ments. 

 

3.9  EGR Valve Flow Model 

The primary actuator used to control flow through the EGR system is a butterfly valve, referred 

to here as the EGR valve. A common method to model EGR mass flow rate across the EGR 

valve is using the compressible orifice flow equation. The assumption for this model is that the 

pressure at the inlet and exit of the valve is steady. However, as seen in figure 44, the pressure 

at the inlet and exit of the EGR valve can fluctuate, causing unsteady flow. 

 

 
Figure 44:  Instantaneous, crank angle resolved Pressure at EGR valve inlet and exit for 

1300 RPM, 9 Bar BMEP (Top) and 1800 RPM 7 Bar BMEP (Bottom). 
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In addition to flow pulsations, the time averaged pressure ratio is very close to 1 which causes 

inaccuracies in the traditional orifice flow model. In order to have a more physically relevant 

model to predict EGR mass flow rate the effect of flow inertia also has to be considered in the 

EGR valve flow model. A dynamic orifice flow equation has been investigated in (4) for pulsating 

differential pressure and it is of the form: 

 

𝑑𝑚̇

𝑑𝑡
=

𝜋 ∗ 𝑑2 ∗ 𝐶𝑐

4𝐿𝑒
[𝛥𝑝 −

8(1 − 𝛽4)𝑚̇2

𝐶𝐷
2 ∗ 𝜋2 ∗ 𝑑4 ∗ 𝜌

] [1] 
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𝐶𝐷  - Discharge Coefficient                                                     

𝛽 – Ratio of orifice and pipe diameter 

𝐶𝑐 – Contraction coefficient 

𝐿𝑒 – Effective length∆𝑝 – Pressure differential across valve 

𝑑 – Orifice diameter  

 

The dynamic orifice flow model shown in Equation [1] is a first order non-linear differential equa-

tion. The discharge and contraction coefficients are tuning parameter curves as functions of ori-

fice diameter. In order to evaluate the accuracy of this model for the Low-Pressure EGR system, 

a model-fitting Matlab routine was developed. This routine minimized the error between meas-

ured and modeled EGR mass flow rate for 120 out of 240 available experimental data points us-

ing a global, constrained optimization subroutine (training data). The remaining 120 experimental 

data points were used to evaluate the accuracy of the model with interpolated coefficients (vali-

dation data). As shown in figure 53, accuracy of the dynamic orifice flow model is higher com-

pared to the conventional orifice flow equation. The correlation coefficient between modeled and 

measured mass flow improved from 0.894 to 0.96 and the Root Mean Square Error decreased 

from 3.33 kg/hr to 2.5 kg/hr. As the accuracy of the dynamic orifice model is still not high enough 

to be reliable for control oriented applications (without adaptation using an intake oxygen sensor), 

a further characterization of tuning parameters is necessary. It is suggested that tuning parame-

ter curves be characterized as 2D functions of pressure ratio and valve open area in future appli-

cations. 
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Figure 45:  Comparison between modeled and measured EGR mass flow for conventional 

orifice flow model (left) and dynamic orifice flow model (right). 

 

3.10  Exhaust Pressure and Temperature Modeling for Control 

To best utilize the intake oxygen sensor information for EGR valve control open-loop models of 

the intake and exhaust system are required. These models compliment the information provided 

by the intake oxygen sensor, and are used as part of the larger control structure. To create an 

open-loop algorithm for EGR control both exhaust temperature and pressure models have been 

developed. These models are coupled together and provide the input to the orifice flow equation 

that determines EGR flow through the valve. Both models are physics-based and require minor 

calibrations. The sole input to the coupled system is turbine-outlet temperature, which is gener-

ally known through pre-existing ECU models. For the purpose of this control algorithm develop-

ment, a sensor is used to determine that input. 

The purpose of these models is to give estimation for turbine-outlet pressure that was used by 

the control algorithm to determine the pressure differential that drives EGR through the valve. 

Figure 46 shows a schematic of the exhaust system. The temperature model works in a forward 

direction (starting at the engine) while the pressure model works backwards (starting at atmos-

phere); however both are coupled and run real-time. Turbine-outlet temperature is used as input 

in order to determine catalyst-inlet temperature that was used in the pressure model. On the 

other end, the pressure model assumes catalyst-outlet pressure is known (ambient conditions) 

and uses the temperature estimations to calculate turbine-outlet pressure by modeling both sec-

tions of the exhaust pipe. 
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Figure 46:  Schematic of the engine exhaust system split into different sections. Exhaust 

pressure and temperature models were created for integration into the larger EGR valve 

control structure that utilizes intake oxygen sensing. 

 

3.11 Exhaust temperature model 

For the temperature model, the system of equations consists of a steady-state heat transfer 

equation along with a low-pass (unity gain) filter. The filter captures the dynamic behavior of the 

system and also smoothens the noise of the input signal. It is preferred over solving a first-order 

ODE for wall temperature in order to minimize computational effort. The model uses the turbine-

outlet temperature as an input and calculates the (steady-state) catalyst-in temperature by han-

dling the first section of the exhaust pipe as a single lumped control volume: 

 

𝑇𝑔𝑎𝑠𝑜𝑢𝑡𝑠𝑠
= 𝑇𝑒𝑥𝑡 + (𝑇𝑔𝑎𝑠𝑖𝑛

− 𝑇𝑒𝑥𝑡)𝑒
−ℎ𝑡𝑜𝑡∗𝐴

𝑚̇∗ 𝑐𝑝 , [2] 

 

Exhaust gas heat capacity is calculated according to the Raznjevic correlation (1) for stoichio-

metric combustion and is 𝑐𝑝 = 𝑓(𝑇𝑔𝑎𝑠𝑖𝑛
). For the heat transfer coefficient, a correlation with gas 

velocity is determined and fitted to experimental data: 
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ℎ𝑡𝑜𝑡 = 82.13 + 𝑉𝑔𝑎𝑠
−0.4243  , where  𝑉𝑔𝑎𝑠 =

𝑚̇

𝜌𝑒𝑥ℎ∗𝐴
  [3] 

 

Density of the exhaust gas is calculated using the ideal gas law. However, experimental results 

from a wide range of operating conditions show that density remains relatively constant and 

equal to ≈0.4 kg/m3. As far as exhaust mass flow is concerned, it is part of the control loop archi-

tecture and determined as: 

 

𝑚̇𝑒𝑥h(t) = 𝑚̇𝑒𝑛𝑔𝑖𝑛𝑒(t − 𝜏𝑑) − 𝑚̇𝐸𝐺𝑅𝑚𝑜𝑑𝑒𝑙
(𝑡 − 1)  [4] 

 

Engine mass flow is derived from ECU signals for fuel quantity, air flow (from MAF sensor) and 

EGR (from intake oxygen sensor measurement). A one cycle time delay is applied to this signal 

to approximate manifold dynamics. EGR mass flow in Equation [4] is determined as the previous 

output of the feed-forward model. The same exhaust mass flow approach is used for the pres-

sure model as well. 

Concerning the ‘external’ (sink) temperature required in Equation [2], a correlation with inlet gas 

temperature is found and fitted to experimental data: 

 
𝑇𝑒𝑥𝑡 = 485.4 + 𝑇𝑔𝑎𝑠𝑖𝑛

∗ 0.0863  [5] 

 

The steady-state temperature prediction (Equation [2]) is supported with a unity gain filter that 

captures the transient response of the system: 

 
𝑇𝑔𝑎𝑠𝑜𝑢𝑡

(𝑖) = 𝑤 ∗ 𝑇𝑔𝑎𝑠𝑜𝑢𝑡𝑠𝑠
(𝑖) + (1 − 𝑤) ∗ 𝑇𝑔𝑎𝑠𝑜𝑢𝑡

(𝑖 − 1) 

𝑇𝑔𝑎𝑠𝑜𝑢𝑡
(1) = 𝑇𝑔𝑎𝑠𝑜𝑢𝑡𝑠𝑠

(1) [6] 

 

The weighting factor of the filter, w, plays a crucial role in the dynamic response of the tempera-

ture model. A correlation between gas velocity and the weight factor was found and experimental 

results are used to determine the coefficients: 

 

𝑤 = 0.0269 ∗ 𝑉𝑔𝑎𝑠
0.0627  [7] 

 

Experimental validation of the derived equations was conducted with test data sets (acquired at 

Clemson University) that are not used for training purposes (validation data). Figure 47provides 

an example model output for a short transient test. The blue line (model) generally matches ex-

perimental measurements (red) within ~15K, a level that is within the uncertainty of the measure-

ment. 
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Figure 47:  Experimental validation of the temperature model (RPM step changes). The 

‘predicted dynamic’ results are from the final model. 

 

3.12 Turbine Outlet Pressure Model 

The pressure model is derived by splitting the exhaust pipe into two sections.  The model uses 

the known catalyst-outlet pressure (ambient) to back-calculate the EGR inlet (turbine-outlet) pres-

sure. The pressure drop in that system is calculated using the assumptions that flow through the 

exhaust pipes is turbulent, while flow through the catalyst is laminar. As a result, the Darcy-

Weisbach (2) equation is used for the lumped first section of the exhaust pipe where flow is tur-

bulent and the Hagen-Poiseuille (3) equation is used for the laminar catalyst flow. 

 

In more detail, the pressure drop for the laminar flow through the catalyst is found by: 

 

ΔPcat =  
28.5

𝐷2 𝐿 ∗ 𝜇 ∗ 𝑉  [8] 

 

Gas velocity is determined by  𝑉 =
𝑚̇

𝜌Α
 , with density being approximated by Equation [9]. 
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𝜌 =
𝑃𝑐𝑎𝑡𝑜𝑢𝑡

287 ∗ 𝑇𝑐𝑎𝑡𝑖𝑛 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛

 [9] 

 

The dimensions, D and L, of a single catalyst channel are used (assumed D=1mm). The area 

found in the gas velocity equation represents the total catalyst flow area. The number of catalyst 

channels (N) is used as the fitting parameter of the equation. N = 6,939 is found through non-lin-

ear regression with experimental data. 

 

Constant dynamic viscosity of 3.48∙10-5 Pa-s is used for the exhaust gases, determined as a 

weighted average between the dynamic viscosity of nitrogen and carbon dioxide at 500oC. Differ-

ent dynamic viscosity correlations with temperature were also studied to determine the effect on 

pressure model. The Sutherland (4) equation and the Heywood correlation (5) were used and the 

results compared with the single-value approach. The results suggested that the effect of a de-

tailed model for dynamic viscosity is negligible and thus a constant value is used for this pressure 

model. 

 

For the pre-catalyst turbulent flow pressure drop, the Darcy-Weisbach equation is used: 

 

ΔPturb−to−cat = fD ∗
𝐿

𝐷
∗

𝜌𝑉2

2
  [10] 

 

Density is calculated by the ideal gas law using Equation [11]. 

 

𝜌 =
(P𝑐𝑎𝑡𝑜𝑢𝑡

+Δ𝑃𝑐𝑎𝑡)

287 ∗ 𝑇𝑐𝑎𝑡𝑖𝑛 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛

 [11] 

 

The lumped exhaust pipe dimensions, L and D, are used and gas velocity is calculated as previ-

ously discussed. The friction factor (fD) is used as the fitting parameter, fD = 0.355 is determined 

through non-linear regression with experimental data. 

These coupled pressure and temperature models were tested in real-time on the engine to evalu-

ate the accuracy of the EGR-inlet (turbine-outlet) pressure prediction that was used as input to 

the feed-forward EGR valve control. Error! Reference source not found.8 shows the error sta-

tistics between experiment and model for the sample transient tests shown in 56 and 57.  

 

 Test 1 Test 2 

Average Absolute Error (kPa) 0.160 0.153 
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Maximum Absolute Error (kPa) 0.792 0.831 

Standard Deviation (kPa) 0.128 0.133 

Table 8:  Exhaust Pressure Model Error from Experimental Testing 

 

 

 
Figure 48:  Real-time experimental validation of the coupled pressure-temperature model 

(2000 RPM, load step changes). 

 
Figure 49:  Real-time experimental validation of the coupled pressure-temperature model 

(2500 RPM, load step changes). 
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3.13  EGR Valve Mass Flow Model Development 

The open-loop EGR control system requires a model for EGR valve mass flow estimation. The 

EGR mass flow model is based on the isothermal orifice flow using Equation [12]. This is a 

slightly simplified version of the standard orifice flow equation (6) that can be used to model mass 

flow of exhaust gas at lower temperatures with minimal loss in accuracy. 

 

𝑚̇ =
𝐶𝑑 .𝐴𝑡ℎ.𝑃𝑖𝑛

√𝑅. 𝑇

. {
2𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
[1 −

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
]}

1/2
 [12] 

 

 
Figure 50:  Locations of inputs used for EGR mass flow model. 

 

The pressure, Pout, at the outlet of the EGR system is measured using a pre-existing production 

sensor. The temperature input, T, is a direct measurement. The discharge coefficient, Cd, is the 

only calibration parameter in this model and it varies as a function of EGR valve position. In real-

ity the exhaust pressure is not steady due to blow-down pressure waves from the cylinders prop-

agating through the turbine. The amplitude, frequency and shape of these pressure pulsations 

varies with engine operating conditions. The primary frequency of these pulsations is directly pro-

portional to the engine speed and hence engine speed is used as an additional parameter in de-

termination of Cd. To determine Cd, 180 steady state measurements at different engine speeds, 

loads and EGR valve positions were recorded. An optimization routine was executed to minimize 

the difference between the modeled and measured EGR mass flow rates by modifying Cd. The 

final Cd ‘map’ used is shown in figure 51. 
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Figure 51:  Discharge coefficient map used for Open loop EGR mass flow model. 

  

Comparison between the modeled and measured EGR mass flow rate is provided in figure 52. 

The majority of the points from the open-loop model lie within the 10% tolerance region. The 

corelation coefficient between the modeled and measured EGR mass flow rate is 98.7%. There 

are a significant number of points which lie outside the 10% tolerance band. This can be at-

tributed to the high sensitivity of the model to pressure ratio closer to unity. As shown in figure 53, 

there is clearly a steep gradient as pressure ratio approaches unity. This necessitates a consider-

ation of more physical phenomenon affecting the mass flow at near unity pressure ratios. The ex-

haust pressure pulsations would be the most likely candidate for influencing EGR mass flow at 

these conditions. For low pressure differential conditions an unsteady model is used, which is de-

scribed in detail when discussing the Extended Kalman Filter for model adaptation. 

1200
1500

1800
2000

2300
2500

2700

20

30

40

50

60

70

80

0

0.05

0.1

0.15

 

Engine speed [rpm]EGR valve angle [deg]
 

D
is

ch
ar

ge
 c

o
ef

fi
ci

en
t 

[-
]

0

0.05

0.1



 

 

From Our Reference Telephone 

GS-SI/ENG-NA Claus Schnabel (248) 876-2533 
 
 

Project       DE- EE0005975 REGIS 

Subject      Final Technical Report For Project End Date 12/31/15 

 
 

Page 75 of 101 

 

 

     

Anderson 

March 30, 2016 
 
 

 

    

 
Figure 52: Comparison between modeled and measured EGR mass flow rate.  

 

 
Figure 53:  Relationship between EGR mass flow model error, Pressure ratio and meas-

ured EGR mass flow. 
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3.14  EGR Valve Control System with Transport Delay 

The intake oxygen sensor offers the opportunity to perform closed-loop EGR dilution control. 

However, the intake sensor is downstream of the EGR valve which is the actuator to control EGR 

mass flow rate. Due to gas transport phenomenon and sensor response time, there is a time-var-

ying dead-time delay between the EGR valve actuation and measurement feedback from intake 

oxygen sensor. Because of this delay, the performance of the closed loop controller is restricted 

due to stability concerns. A Classical Smith Predictor based PID controller is implemented as the 

closed loop control architecture to allow higher controller gains without inducing instabilities asso-

ciated with the transport delay. The overall architecture of the closed loop EGR fraction controller 

is shown in figure 54. A Sliding Mode Controller is also used to control the EGR valve itself. The 

multiplier K is used to adjust the output of the Smith predictor portion of the feedback loop. Set-

ting K to 0 effectively makes the controller purely feedback based. Setting K to 1 enables the 

Smith Predictor portion of the feedback controller.  

 

 
Figure 54:  Closed loop EGR fraction control architecture using Smith predictor and Adap-

tive EGR fraction model. 

  

The Classical Smith Predictor architecture requires a total plant model and a delay-free plant 

model for adjustments in the error between the commanded and measured parameters.  In refer-

ence to figure 54, the total plant model and the delay-free plant model are defined as follows. The 
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delay-free plant model output is the EGR fraction at the location A. This is modeled using Equa-

tion [13]. 

 

𝐸𝐺𝑅𝑓𝐴(𝑡) =
𝑚̇𝐸𝐺𝑅(𝑡)

𝑚̇𝐴𝑖𝑟(𝑡) + 𝑚̇𝐸𝐺𝑅(𝑡)
 

[13] 

 

where, 𝑚̇𝐸𝐺𝑅 is the modeled EGR mass flow rate and 𝑚̇𝐴𝑖𝑟 is a direct measurement from the pro-

duction MAF sensor. 

 

 
Figure 55:  Simplified schematic of air-path from the EGR mixing location to the intake ox-

ygen sensor. 

 

The total plant model is the EGR fraction at the intake oxygen sensor (location B) and is given 

by: 

 

𝐸𝐺𝑅𝑓𝐵(𝑡) = 𝐸𝐺𝑅𝑓𝐴(𝑡 − 𝜏(𝑡)) 

 
[14] 

Where, 𝜏(𝑡) is the sum of delays across the various sections between the mixing point A and in-

take oxygen sensor location B given by:  

 

𝜏(𝑡) = 𝜏𝐴𝑡𝑜𝐶(𝑡) + 𝜏𝐶(𝑡) + 𝜏𝐶𝑡𝑜𝐵 

 
[15] 

The transport delay 𝜏𝑖(𝑡) for the i-th section between mixing location A and the sensor (location 

B) can be calculated by the following equation: 

 

𝜏𝑖(𝑡) =
𝐿𝑖. 𝑃𝑖(𝑡). 𝐴𝑖

𝑚̇𝑖(𝑡). 𝑅. 𝑇𝑖(𝑡)
 

 

[16] 
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Where, 𝐿𝑖 and 𝐴𝑖are the length and cross sectional area of the individual sections; 𝑃𝑖(𝑡), 𝑇𝑖(𝑡) 

and 𝑚̇𝑖(𝑡) are the Pressure, Temperature and mass flow respectively. 

 

Figure 56 shows a sample comparison between conventional PID and Smith Predictor based PID 

control for EGR fraction control. It is evident that the oscillations caused by the phase lag be-

tween intake oxygen sensor feedback and EGR valve actuation are strongly mitigated by the 

Smith Predictor based controller. The overshoot is also greatly reduced due to instantaneous vir-

tual feedback from the EGR mass flow model. 

 

 
Figure 56:  Conventional PID (top) and Smith Predictor based (bottom) EGR fraction con-

trol at 2000 RPM and 9 Bar BMEP. 
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The position command issued by the EGR fraction controller is interpreted as a set-point input by 

the EGR valve position controller. A first order sliding mode controller was developed with the as-

sumption that the EGR valve is a rotational spring mass damper system with a linear spring and 

fixed damping.  The sliding line is defined by Equation [17]: 

 

𝑆 = 𝜃̃ + 𝐶𝜃̇̃ = 0 

 

[17] 

Where, 𝜃̃ is the difference between desired and measured valve angle, and 𝐶 is the slope of the 

sliding line. 

The motor torque is a discontinuous input 𝑀. 𝑆𝑔𝑛(𝑆) which appears in the derivative of S, as 

shown in Equation [18]: 

 

𝑆̇ = [𝐾 −  
𝐵

𝐶
−

𝐽

𝐶2
] 𝜃̃ − 𝑀. 𝑆𝑔𝑛(𝑆) = 0 

 

[18] 

Where, 𝐾, 𝐵 and 𝐽 are valve parameters stiffness, damping and inertia respectively and 𝑀 is the 

controller gain.  The convergence of θ̃ to the sliding line, S, occurs in finite time and asymptotic 

convergence of θ̃ to zero occurs only if:  

 

S. Ṡ < 0 [19] 

The above condition is satisfied only if the value of M is such that: 

 

M > [K −  
B

C
−

J

C2] |θ̃| 

 

[20] 

With this method M and C are chosen experimentally without requiring knowledge of K, B and J 

explicitly. However, since the execution rate of the valve position controller is 1 kHz, which low 

enough to excite un-modeled valve dynamics (e.g. equivalent to gear backlash), chattering oc-

curs once the valve reaches the sliding line. This is partially mitigated by switching from discon-

tinuous input M. Sgn(S) to continuous input ∫ M. Sgn(S) . dt within a calibrated proximity of the slid-

ing line, S. In figure 57 the PI control clearly overshoots the set-point for the fast sine wave com-

mand signal, and the sliding mode controller shows superior performance. For a slow sine wave 

command, the PI control is very similar to Sliding Mode control in tracking the set-point. 
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Figure 57:  Comparison between PI control [Green] and Sliding Mode control [red] for fast 

[top] and slow [bottom] EGR valve position command signals [black]. 

  

The entire closed-loop control architecture was evaluated during transient engine operation, 

where engine speed and load were varied using dynamometer speed control and throttle posi-

tion. The minimum load achieved during this test was 5 Bar BMEP and maximum load was 9 bar 

BMEP.  Figure 58 shows the profile of the transient test along with the commanded and meas-

ured EGR fractions and the EGR valve position. The region highlighted from 265 seconds to 310 

seconds shows oscillatory EGR fraction. This occurs mainly due to EGR fraction PID controller 

tuning not being optimized for low EGR and air mass flow conditions in the air path at low engine 

speeds and throttle opening. The highlighted excursions in measured EGR fraction at 355 and 

388 seconds occur due to the rapid change in pressure differential caused by fast engine speed 

and throttle valve transients. In order to eliminate these excursions, future prediction (or meas-

urement) of pressure differential across the EGR system is required to exercise timely control of 

EGR valve position. 
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Figure 58:  EGR fraction control during transient engine operation. 

 

3.15 Expanded Cross Sensitivity Study of IAO2 

 

ORNL collected data in the previous quarter regarding the sensor response to propylene, nitrous 

oxide, ammonia and carbon monoxide.  Analysis of that data showed the ammonia and nitrous 

oxide components do not likely pose a significant risk to sensor error and would be too difficult to 

account for individually in the sensor signal due to the complex exhaust modeling required to 

properly characterize their quantity.  The effects of carbon monoxide and propylene were seen as 
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a possible contributor to sensor error, and therefore additional testing was done with other hydro-

carbon and exhaust gas species to identify what measures might be taken to reduce the errors 

generated. 

 

A second measurement study was performed, but this time analysis was done using the following 

species in a fixed concentration of air with the additional test gases displacing the nitrogen in the 

flow reactor bench: 

 

 Hydrogen (H2) 

 Methane (CH4) 

 Propane (C3H8) 

 Gasoline (Indolene) 

 Ethanol (CH3CH2OH) 

 Propylene (C3H6, checked again for reference to earlier testing) 
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 Figure 59(a)      Figure 59(b) 

   
Figure 59(c)      Figure 59(d) 

  
Figure 59(e)      Figure 59(f) 

  

Figure 59:  Comparison of the reactant response against the oxidation reaction that will happen at 

the sensor element.  Some species have disproportionate response to the input gas levels due to 

changing diffusion barrier coefficients when they are present. 

 

As can be seen in Figure 5959 c-f, the longer chain hydrocarbons have similar effects relative to 

their respective oxidation reactions.  In all cases, the effect on the diffusion barrier is less than 

the expected oxidation reaction would indicate.  This does not mean that the gasses aren’t oxi-

dized, but rather that the presence of these gasses at the element causes a change in the diffu-

sion barrier coefficients affecting the transport of oxygen across the barrier.  This means that for 
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most species re-circulated through the exhaust stream, as well as possible purge vapors, that 

correcting for these mixtures can likely be accomplished using a bulk offset rather than specific 

characterizations.  Additional work is ongoing to identify the potential error this approach may 

have, but it seems as though this was sufficient to correct for these constituents. 

 

Figure 5959b shows that similar to carbon monoxide in the previous quarterly report, methane 

has a near perfect oxidation effect on the sensing element.  Since this is a departure from the 

other longer chain species, this may require a model for the production of carbon monoxide and 

methane in the exhaust gasses of the engine.  Doing so would make correction easier and sim-

ple models could be used to generate a conservative value for exhaust concentration of CO and 

CH4.   

 

Figure 5959a is perhaps the most interesting, In the presence of Hydrogen, the sensor has a dis-

proportionate reaction.  While still linear, this means that the presence of even a small amount of 

hydrogen in the exhaust gasses produced by a rich combustion can cause large sensor errors. 

This is particularly the case under full load enrichment in turbocharged engines where additional 

fuel is injected in order to keep the exhaust manifold temperatures low enough to protect the tur-

bocharger turbine.  Since this is a large motivation to the use of EGR, it is likely that a situation 

will occur where EGR is being used to reduce exhaust temperatures, while still requiring some 

reduced level of enrichment.  As with methane and carbon monoxide, it was necessary to have a 

simplified model of hydrogen generation for a given engine and apply some correction offset to 

the sensor output once enrichment begins to occur. 

 

3.16 Control System Adaptation using an Extended Kalman Filter 

An EGR control system adaptation algorithm has been developed and tested in real-time on the 

engine dynamometer at Clemson University. This adaptation algorithm enables accurate control 

system performance during highly transient operation and over the lifetime of the system and 

sensors. This algorithm adjusts the feed-forward controller prediction in real-time based on the 

output of the intake oxygen sensor. The developed open-loop (feed-forward) EGR control model 

captures the dynamic behavior of the system but suffers from stationary errors (bias). A method 

for reducing the estimation bias and at the same time account for system/sensor aging was de-

veloped. 

 

The adaptation algorithm calculates, in real-time, control model correction parameters which cor-

respond to different EGR mass flow rates and engine speeds. Instead of using a one-dimen-

sional correction based on EGR mass flow, this two-dimensional correction aims to differentiate 
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the adaptation based on the exhaust conditions that are encountered in different engine speeds 

(i.e. amplitude and frequency of exhaust pressure pulsations, etc.). The orifice flow model is aug-

mented with the correction parameters, and a non-linear observer of this augmented model is de-

signed using the output of the oxygen sensor. An Extended Kalman Filter (EKF) is implemented, 

since it is a widely used and frequently applied methodology for systems that contain sensor 

noise. The joint state and parameter estimating EKF provides simultaneous online adaptation 

and bias compensation. In this way, both short-term variations (operating-point dependencies) 

and long-term drift (component aging) are handled by the EKF-based adaptation. 

 

𝑑𝑚̇

𝑑𝑡
=

𝜋 ∗ 𝑑𝑒𝑓𝑓
2 ∗ 𝐶𝑐

4𝐿𝑒
[𝛥𝑝 −

8(1 − 𝛽4)𝑚̇2

𝐶𝐷−𝑐𝑜𝑟𝑟
2 ∗ 𝜋2 ∗ 𝑑𝑒𝑓𝑓 4 ∗ 𝜌

] [21] 

 

A dynamic orifice flow model is used as the state equation, shown in Equation [21] in continuous 

form. Pressure differential is regarded as a single input parameter. This signal is derived as the 

difference between exhaust pressure model prediction and the intake pressure measurement. 

Discharge coefficient (CD), contraction coefficient (CC) and effective length (Le) are tuning param-

eter curves that are functions of EGR valve angle. These tuning parameters are calibrated off-

line for different operating conditions using experimental data. In order to better capture the ef-

fects of pulsating exhaust flow for different engine conditions, the discharge coefficient map is 

also corrected based on the engine speed using Equation [22]. KN is the speed correction factor 

which is experimentally calibrated as a function of EGR valve angle. 

 

𝐶𝐷−𝑐𝑜𝑟𝑟 = 0.1 ∗ 𝐶𝐷 ∗ 𝐾𝑁 ∗ 𝑅𝑃𝑀 [22] 

 

With this method the input vector becomes: 𝑢 = [𝑣𝑎, 𝛥𝑝, 𝑅𝑃𝑀], where 𝑣𝑎 is the EGR valve angle. 

The output of the system is corrected EGR mass flow (𝑚̇𝑐𝑜𝑟𝑟). The parameter vector ‘theta’ (θ) is 

used to augment the state vector and represents the corrections to EGR flow prediction. This pa-

rameter tracks the slow variations of the system (i.e. aging) and thus, in the model, it is described 

by Equation [23]. Theta parameters change slowly with time, based on the difference between 

model prediction and sensor feedback that acts on the calculation of Kalman gain. 

 

𝜃̇ = 0 [23] 

where,   𝜃 = [𝜃1
𝑅𝑃𝑀1 … 𝜃𝑛

𝑅𝑃𝑀1  , 𝜃1
𝑅𝑃𝑀2 … 𝜃𝑛

𝑅𝑃𝑀2  , … , 𝜃1
𝑅𝑃𝑀𝑚 … 𝜃𝑛

𝑅𝑃𝑀𝑚]  

 

As a result, the augmented state vector becomes: 𝑥𝑎𝑢𝑔 = [𝑚̇, 𝜃]. The theta vector in Equation 

[23] consists of several different parameters with total dimension of [𝑛 ∗ 𝑚] .  The size of this ma-

trix is based on the chosen discretization for engine speed [𝑚]and EGR mass flow [𝑛]. Each 
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theta parameter corresponds to a different set of EGR mass flow and engine speed. In the vali-

dation results shown in this report, a 5x3 discretization is chosen, thus 15 theta parameters are 

used.   

 

To capture engine operating point specific model bias (fast dynamics) a parameterized function is 

introduced.  This function applies the EGR mass flow correction directly in the measurement 

equation of the system: 

 

𝑚̇𝑐𝑜𝑟𝑟 = [1 + 𝑞𝑓𝑐𝑛(𝑚̇𝑝𝑟𝑒𝑑 , 𝑅𝑃𝑀, 𝜃)] ∗ 𝑚̇𝑝𝑟𝑒𝑑  [24] 

 

This parameterized function is presented in Equation [25] and is a two-dimensional interpolation 

as a function of EGR mass flow and engine speed. The model uses the appropriate theta param-

eters corresponding to the current engine speed and interpolates between these parameters 

based on EGR mass flow prediction. 

 

𝑞𝑓𝑐𝑛(𝑚̇𝑝𝑟𝑒𝑑 , 𝑅𝑃𝑀, 𝜃) = 𝜃𝑖
𝑅𝑃𝑀 +

𝜃𝑖+1
𝑅𝑃𝑀 − 𝜃𝑖

𝑅𝑃𝑀

𝑚̇𝑖+1 − 𝑚̇𝑖
(𝑚̇ − 𝑚̇𝑖) 

  

[25] 

The intake oxygen sensor signal that feeds the EKF is associated with transport delays from the 

EGR valve to the sensor. Aiming to reduce system complexity, transport delay is not introduced 

in the model equations, since this would require one more state variable and one more state 

equation. Instead, data from several consecutive time-steps are saved in buffer/memory and EKF 

correction is applied to the appropriate data-set based on the current transport delay (which is 

already calculated and included in the control model). 

 

Extended Kalman Filters (EKF) are designed for non-linear systems.  EKF linearizes the system 

model at every time-step in order to calculate the optimal Kalman gain. In an effort to reduce real-

time computational effort, linearization of the discretized augmented dynamic orifice flow model 

(implemented in Simulink) is conducted offline for different operating points. Each operating con-

dition is determined by grid-points for the inputs (pressure differential, valve angle, engine speed) 

and the state (EGR mass flow). The linearized tables that characterize the system for each point 

are saved in memory. Thus, in real-time operation, based on the current operating conditions, the 

linearized matrices for the model are determined through interpolation between the correspond-

ing grid-points of the model inputs and the state. 

 

The final EKF model was incorporated with the EGR valve control model and real-time validation 

is conducted on the engine dynamometer. Several theta parameter discretization sizes for EGR 
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mass flow and engine speed were tested in order to evaluate the effect of theta-vector length on 

the adaptation performance. In the results shown below, a 5x3 discretization is chosen with EGR 

mass flow grid-points being [0.0010, 0.0025, 0.0040, 0.0055, 0.0070] (kg/sec), while engine 

speed grid-points are [1500, 2000, 2500] (RPM).  
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Figure 60:  Comparison of feed-forward uncorrected model prediction (blue), corrected 

model prediction (black) and sensor measurement (red) for EGR valve steps at 1750 RPM 

and constant throttle position (engine load ≈7 bar BMEP) during real-time testing of the 

adaptation algorithm. 

 

Figure 60 presents the results of an EGR valve pattern repeated several times at 1750 RPM and 

constant throttle position, in order to assess the performance of the adaptation algorithm. The up-

per graph shows the comparison between predicted, corrected and measured EGR mass flow. 

The lower graph displays the EGR valve pattern. It can be seen that after the completion of the 

first full EGR valve profile, theta parameters have been adapted.  When the engine operates 

again at the exact same engine conditions, the corrected prediction follows the measurement 

very close. In further repetitions of the same pattern the prediction error has been minimized. 

Figure 61 presents a transient experiment used to assess the adaptation behavior of the EKF 

when several engine parameters are being changed simultaneously. The engine is run in transi-

ent mode for several minutes before the start of the recording so that theta parameters are al-

ready adjusted to different engine conditions. Figure 61 shows the results for the first 300 sec-

onds of the experiment. The upper graph compares the feed-forward uncorrected prediction, the 

corrected prediction and the sensor measurement. The lower graph captures the simultaneous 

changes on engine speed, throttle position and EGR valve position. The engine load in these ex-

periments was kept between 5-9 bar BMEP. 

 

These real-time validations prove the effectiveness of the adaptation algorithm to correct the cali-

brated feed-forward estimation and provide a very accurate EGR mass flow prediction to the 

EGR controller. Besides the error minimization, this algorithm provides an online adaptation map 

(through the theta parameters) that improves feed-forward estimation in subsequent time-steps 

while it is also able to capture any long-term variations due to aging of the system. 
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Figure 61:  Comparison of feed-forward uncorrected model prediction, corrected model 

prediction and sensor measurement for engine transient conditions during real-time test-

ing of the adaptation algorithm. 
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3.17 Assessment of LP-cEGR Fuel Economy Benefits 

The goal of this fuel economy study is to evaluate potential benefits associated with the accuracy 

of EGR measurement (utilizing intake oxygen sensors) and control, using GT-Power simulation. 

A low-pressure cooled-EGR (LP-cEGR) system is evaluated on a downsized turbocharged 

spark-ignition engine for this study. Three case studies are considered including optimum EGR 

dilution (associated with near-perfect EGR control), reduced EGR dilution (associated with cur-

rent state-of-the-art for EGR control) and operation without EGR (associated with the base en-

gine without external EGR). Fuel efficiency losses compared with the optimum EGR dilution case 

are correlated with current state-of-the-art techniques for EGR control that include uncertainties 

in EGR estimation. Additionally, these losses are correlated with the accuracy level of the intake 

oxygen sensor in measuring EGR. Due to these uncertainties, optimum EGR level is reduced by 

a certain amount to ensure that over-dilution and misfires are avoided under all operating condi-

tions. On the other hand, the fuel efficiency study comparing engine operation with and without 

EGR is conducted to quantify the benefits of using LP-cEGR over different drive cycles. 

Optimized EGR dilution for part-load operation is derived from simulation using a Design of Ex-

periments (DoE) approach with GT-Power. Control actuator calibration at each operating point 

(engine speed and load) was determined using a Design of Experiments (DOE) method that con-

sidered 200 individual experiments to determine settings that provided the lowest brake specific 

fuel consumption (BSFC) (i.e. best fuel economy). The results were then optimized to obtain ac-

tuator values that give minimum BSFC under knocking and combustion duration limitations. 

Based on manifold absolute pressure (MAP), as shown in 38, EGR uncertainty corrections are 

applied in order to evaluate their impact on fuel efficiency (“reduced EGR” case). 
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Figure 62:  Optimized part-load BSFC map (Brake Specific Fuel Consumption) indicating 

the uncertainty corrections in EGR estimation that characterize the “reduced EGR” case. 

 

DoE simulation results of the “optimum EGR”, “reduced EGR” and “no EGR” (base engine) cases 

are imported in a Simulink vehicle model.  The vehicle is a 2013 Cadillac ATS with 2.0L Turbo 

engine (LTG specification engine).  Figure 63 compares the “optimum” and “reduced” cases and 

represents fuel efficiency gains over current state-of-the-art for EGR control. Similarly, Figure 64 

compares the “optimum” and “no EGR” cases and presents fuel efficiency gains over the base 

engine that operates without EGR configuration. Engine operating points for FUDS (red) and 

FHDS (black) cycles are also shown on the figures. The fuel efficiency results for each drive cy-

cle are summarized in table 9. 
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Figure 63: Fuel efficiency benefits over current state-of-the-art for EGR control, along with 

the operating points for FUDS (red) and FHDS (black) cycles. 

 

 
Figure 64:  Fuel efficiency benefits of optimum EGR dilution over base engine without 

EGR configuration, along with the operating points for FUDS (red) and FHDS (black) cy-

cles. 
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Optimum EGR 

(associated 

with ideal di-

lution) 

Reduced EGR 

(associated with 

operation 2-3% 

away from ideal 

dilution) 

Efficiency 

benefits 

(Optimum vs 

Reduced 

EGR) 

No EGR 

(base engine) 

Efficiency ben-

efits 

(Optimum vs 

No EGR) 

FUDS 26.2 MPG 26.1 MPG 0.4 % 25.6 MPG 2.3 % 

FHDS 41.4 MPG 41.2 MPG 0.5 % 40.1 MPG 3.2 % 

Table 9:  Summary of fuel efficiency results for FUDS and FHDS cycles. 

 

Finally, the sensitivity of fuel efficiency to EGR error is evaluated in different operating points to 

estimate intake oxygen sensor accuracy requirements. Sensor accuracy requirements are quali-

tatively summarized in figure 65. Three different areas can be identified in the engine operating 

regime: 

 

 Exhaust temperature control oriented EGR introduces high accuracy requirements at high 

loads 

 Knock control introduces high EGR accuracy requirements  

 Low load operation, where internal EGR is more crucial to fuel efficiency, can be charac-

terized as a low accuracy requirement region 

Figure 65 presents these three areas on top of the engine operating regime, limited by the max 

torque curve of Cadillac ATS, and also includes the part-load fuel efficiency gains of using an in-

take oxygen sensor for EGR control as compared to the current state-of-the-art (for EGR control). 
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Figure 65:  Qualitative sensor accuracy requirements over the entire engine operating re-

gime, along with part-load fuel efficiency benefits over the current state-of-the-art for EGR 

control. 

 

To quantify the effect of EGR error on fuel efficiency, a sweep of EGR dilution is performed in 

GT-Power for different operating conditions under combustion duration (characterizing COVIMEP), 

knocking and exhaust temperature constraints. For each point in the EGR sweep analysis the re-

maining engine actuators (intake cam location, exhaust cam location, combustion phasing – 

CA50) are optimized to provide a fair comparison for EGR sensitivity. Figure 66 summarizes this 

analysis for three points at different parts of the operating regime and quantifies the fuel effi-

ciency sensitivity per 1% EGR increments. 
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Figure 66:  Fuel efficiency sensitivity per 1% EGR dilution for different operating condi-

tions; EGR sweep performed under combustion stability, knocking and exhaust tempera-

ture limitations; the rest of engine actuators are optimized in each point of the graphs. 

 

3.18 Actuator Control Strategies for Further Improvement of Fuel Econ-
omy with EGR 

The intake oxygen sensor improves EGR path control, and allows for higher EGR levels than tra-

ditional model-based control approaches.  The use of higher EGR levels improves fuel economy, 

but has the potential to further complicate transient engine control, particularly in aggressive 

throttle tip-outs.  An engine control strategy to mitigate this issue was briefly investigated during 

this project.  The strategy is used to control both external and internal EGR levels during transi-

ent operation.  It uses Variable Valve Timing (VVT) actuation to limit the burned gas dilution to an 

acceptable level to avoid misfires, since any EGR valve actuation is associated with long 

transport delays to the cylinders. The rate of the throttle valve tip-out along with the rate of VVT 

actuation are also studied since they both affect the burned gas dilution during these conditions. 
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The base control algorithm to address aggressive transients was developed during this project, 

and the concept appears promising. 

 

Using the Design of Experiments (DoE) results from GT-Power simulations, Artificial Neural Net-

works (ANN) were trained to predict the valve timings required to maintain a threshold on Resid-

ual Gas Fraction (RGF). In this way, the control algorithm mitigates the effect of high external 

EGR levels which, due to the long EGR path, could over-dilute the engine causing misfire during 

the tip-out. The RGF input to the ANN is predictive based on the operating conditions of the final 

state of the tip-out. The ANN outputs are constrained based on VVT actuation rate limits (~100 

CAD / second) and are filtered to provide smooth intake and exhaust valve commands.  Figure 

67 shows the outputs and the effect of the ANN-based VVT actuation during a torque tip-out at 

2000 RPM as compared to a model without the VVT control algorithm. The total burned mass 

fraction (external EGR+RGF) is maintained at the same levels during the tip-out, due to the re-

duced valve overlap, while EGR rate remains constant at 10%. The increased levels of burned 

mass fraction for the base model without VVT actuation are likely associated with misfires during 

the tip-out. 
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Figure 67:  ANN outputs and (External EGR + Internal Residual) levels during a torque tip-

out (2000 RPM with constant 10% external EGR) for an ANN-based VVT actuation control 

model compared to base model without VVT actuation 

4 Patents and Publications 

4.1 Patents 

The following patents were file by Bosch during the course of this project: 

 

Title Inventor Affiliation Date Reported DoE “S” No 
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Mounting 

Flange Heat 

Shield 

David Boyd, 

Craig Magera 

Bosch 3-18-2013 S-135, 897 

Gas Sensor with Heat 

Shielding 

David Boyd, 

Craig Magera 

Bosch 3-27-2013 S-135, 896 

Table 10:  Patent Filings. 

 

4.2 Publications 

The following publications were submitted to the SAE World Congress for publication in the April 

2016 distribution: 

 

Title Author Affiliation Date 

Control Algorithm for Low Pressure – EGR Sys-

tems using a Smith Predictor with Intake Oxygen 

Sensor Feedback 

R. Koli Clemson 2015 

Physics-Based Exhaust Pressure and Tempera-

ture Estimation for Low Pressure EGR Control in 

Turbocharged Gasoline Engines 

K. Siokos Clemson 2015 

Table 11:  Publications. 

 

 

5 Conclusions 

5.1 Project Challenges & Future Directions for Research 

The most challenging aspect of Low-Pressure EGR control is open-loop prediction of EGR mass 

flow driven by pressure differential very close to 0. As this pressure differential increases beyond 

2 kPa the mass flow can be predicted more accurately with the classical orifice flow equations. 

However, at lower pressure differential, the noise of the system along with small errors (~0.5kPa) 

in predicting the pressure differential have a severe impact on accuracy of EGR mass flow pre-

diction. Hence a more comprehensive approach to engine mass flow modeling along with exist-

ing sensor feedback may provide higher accuracy in predicting open-loop EGR mass flow. Addi-

tionally, intake throttle valve and fast engine speed transients have an impact on the pressure dif-

ferential itself and cooperative control of EGR valve and Intake throttle valve may be required to 

minimize excursions in EGR fraction during transients.  
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5.2 2nd Generation Sensor Concept (IM2) 

   

  

  

  

  

  

  

  

  

 

 

 

 

 

 

 

 

 

 

The 2nd generation of the IM1 sensor (IM2) was reduced in the size compared to the size of 1st 

generation (IM1) sensor.  A rendering of the 2nd generation sensor (IM2) is shown in figure 69 

above.  The housing will consist of an over-molded two-piece design with a single bolt attach-

ment.  Protection from Soot, water and oil was provided via the snorkel inlet hole which will also 

be utilized as the ignition suppression mechanism.  The design for the new sensor element will 

require the development of new materials so that the IM2 sensor was able to more accurately 

measure oxygen content compared to the IM1 sensor.  Currently there is a materials investiga-

tion in process to identify the right materials for the IM2 sensor to achieve the accuracy improve-

ments necessary, but there is not yet a definitive selection of materials for the IM2 sensor.  
  

Figure 68:  CAD rendering of 2nd generation sensor concept. 
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