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ABSTRACT

A medium-duty diesel engine is equipped with a High Pressure EGR (Exhaust Gas
Recirculation) and a VNT (Variable Nozzle Turbine) and coupled to an AC Dynamometer.
The control of the HPEGR and VNT will be optimized during steady state and transient
engine operation to lower nitric oxide and particulate matter production as well as fuel
consumption.

Brake specific particulate matter, nitric oxide, and fuel consumption will be
recorded with fast measurement systems capable of capturing results of transient events. A
steady state map of engine speed and load will be used to calibrate initial VNT and EGR
control. The calibration will be optimized with a defined formula using emissions
production and fuel consumption. After a steady state VNT and HPEGR map is created, the
map will be used as a baseline in transient engine operation.

The dissertation will contain three parts. Firstly, VNT and HPEGR control assigned
via the steady state table will be used during transient events, which will then be increased
in speed from a 10 second to a 2 second event. Secondly, the VNT and EGR control will be
manually configured in attempt to improve engine performance throughout the transient.
Finally, the VNT and EGR control will be applied before the transient event to inspect the
effect on engine performance.
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1. MOTIVATION
1.1. Introduction
Diesel engines have a large share of energy usage in the world and are an integral part of
the industrialization of developing countries. Diesel engines are typically mobile, efficient and
robust, making them an easy choice in most applications. The following sections will explore
current energy use, diesel engine use and it’s advantages and disadvantages, diesel engine
applications and restrictions, and objective of the research in this dissertation.

1.2. State of Energy Use
Energy sources and use are under strict control and will continue to be. Much
advancement in modern energy management is seeking for energy source diversity and efficient
energy use. This section seeks to highlight this research’s place in modern energy management.
The challenges faced in modern energy systems are intrinsic in all energy consumers from this
point forward.
The world’s growing population will obviously lead to a growing energy demand. Due to
industrialization, current average energy consumption per capita (ECC) will most likely increase
in the majority of the world. This will be met with expected ECC decreases in the majority of
informationalized countries. Since the aforementioned ECC is expected to increase substantially,
world energy consumption will most likely increase by much more than 25% in 2040.
Figure 1.1 represents predicted energy use for transportation by Organization for CoOperation and Development (OECD) and non-OECD countries. Of all non-OECD countries,
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China might be best to use as a base model (Zhujun Jiang, 2012). Rapid industrialization in
China shows the possibilities of future industrialization affects on transportation and
transportation resources.

Figure 1.1: Transportation Energy Use Predictions

The U.S. ECC has leveled out at roughly 325 million BTU since 1970 (U.S. Energy
Information Administration A, 2012). Energy expenditures per capita (EEC) have continued to
rise from a number of factors, none of which more prevalent than shrinking non-renewable fuel
resources. The US is a leading energy consumer with a higher than average ECC and a large
population (Z.M. Chen, 2011). The stability of ECC and increase of EEC in informationalized
countries suggests that a sustainable and diverse energy infrastructure must be created in these
countries as they continue to grow and the infrastructure must be able to accommodate the added
demands of the developing countries.
Figure 1.2 illustrates the role of fossil fuels in U.S. transportation. Diesel accounted for
20% of total fossil fuel consumption in the U.S. in 2013 (U.S. Energy Information Act, 2014).
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The consumption accounts all forms of energy use including transportation, industrial, and off
grid use. The share of diesel engine use in transportation is also growing as shown in Section 1.3.
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Figure 1.2: United States Transportation Energy Use by Fuel EIA

US and world, energy consumption will indubitably continue growing. The real question
is by how much and what can we do to lighten the load of our natural resources and our impact
on the environment while sustaining the economic growth that is improving the world’s standard
of living. With its considerable fraction of overall energy consumption, any savings in the
transportation sector will significantly improve the world energy picture. The impact potential
studies in the automotive field should insist their importance to the entirety of civilization
reaching past just its simple effects on US economy and personal wellbeing.
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1.3. State of Diesel Engine Use
The energy and environmental concerns raised in the preceding section dictate that the
most efficient power technologies be utilized when possible. Driven by its efficiency advantage
over SI engines, diesel engine use is increasing and significant efforts are being made to make
them even more efficient and to operate with lower emissions. As of 2009, diesel engines
accounted for roughly 50% of the automotive market in Europe (Webster, 2009). In the US,
diesel engine use in the passenger car market is expected to increase from 3% in 2013 to
approximately 10% in 2020 and 29% by 2040 (Tuttle, 2013). Diesel vehicle registration grew
24% in 2013 with only a 3% growth of total registration in the U.S. (De Paula, 2013).

1.4. Diesel Engine Advantages and Disadvantages
In addition to improved efficiency, diesel engines provide better fuel versatility and
higher torque at low speeds as compared to gasoline engines. These advantages and
disadvantages are explored in the paragraphs that follow,
Modern diesel engines provide roughly 10% to 20% better fuel efficiency than their
modern gasoline counterparts (U.S. Department of Energy). This is primarily due to their ability
to utilize higher compression ratios and their mechanical efficiency advantage resulting from
lower throttling losses and lower revolution speeds. A secondary factor that leads to higher fuel
conversion efficiency in diesel engines compared to SI engines is the higher effective value of
the specific heat ratio during the expansion process, which is a result of the typically leaner fuelair ratios utilized in diesels.
The Diesel engine’s torque curve is a valuable asset as well. The torque curve is better
suited for heavy-duty applications, such as 18-wheelers and bulldozers which undergo large
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loading transitions, as compared to gasoline engines. The torque curve may be useful in lightduty applications also but more gearing is required when large speed ranges are needed.
Diesel engines also have increased fuel flexibilities. The fuel flexibility is due to the
variation of equivalence ratio seen in the fuel spray. Though a variety of fuels may be used, not
all choices are suitable for practical use. A Cetane rating quantifies each fuel’s suitability for
diesel engine use. Since the diesel engine isn’t susceptible to early knock, it does not require the
fuel refining level that a SI engine does. With that said, diesel fuel does require impurity
refinement to reduce emissions. Diesel fuel can also be created from sources generally
considered in excess such as: fat sources, vegetable oils, synthesized coal, and synthesized
natural gas. Initially diesel fuel was an unused byproduct of gasoline production (Gerpen, 2010).
Diesel fuel is intrinsically safer than gasoline and easier to transport. Diesel fuel also has a
greater power density than gasoline.
Diesel engines have emissions benefits as well. With any increase in efficiency of ICE
you are guaranteed a decrease in CO2, which is a greenhouse gas and therefore of concern
regarding climate change. CO2 is more difficult to reduce due than the criteria and other toxic
emissions due to its necessary place in hydrocarbon combustion. In the past, diesel engines have
been known for high soot and NOx emissions. However, modern after-treatment equipped
diesels meet the same emission standards as today’s clean SI engines. Though after-treatments
systems impose an additional cost to the vehicle. Any emissions improvements to the vehicle
that may reduce the need of the systems, may led to substantial cost savings. Improving the fuel
used can reduce emissions in diesel engines. Synthetic diesel fuels can have negligible traces of
Sulfur and therefore produce negligible SOx. Biodiesel blends have the benefit of offsetting CO2
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emissions but do tend to produce more NOx, SOx, and Particulate than petroleum and synthetic
diesel.
The diesel engine has several disadvantages to other power systems. Diesel engines
emissions may be higher than gasoline engines in some cases. Of the strictly monitored
emissions in engine certification, PM and NOx are typically the most challenging standards to
meet for diesel engines. The two emissions generally, but not always, have a trade off. In many
cases, when NOx is reduced particulate production increases. The tradeoffs of both emissions
will also affect the overall efficiency of the engine. Diesel engines can be difficult to start in cold
weather, because compressed air has difficulty reaching automatic combustion temperatures.
Some applications will require a higher RPM and HP curve than the 4-stroke Diesel engine can
deliver. In these cases the SI or a 2-stroke diesel are the only option. Vibration and noise are
considerably more noticeable from the diesel engine due to its compression characteristics.
Diesel engines notoriously carry a lower power to weight ratio. The necessary weight is due to
building a cylinder that can handle the high combustion pressures. Also, diesel engines will
operate at a lower HP due to its lower RPM. Running a diesel engine can be much more complex
than a SI. One complexity already stated is the necessary robustness associated with the diesel.
Another complexity is the injection timing and the high-pressure fuel systems currently used.
The SI engine can have premixed combustion, which is much easier to control and may provide
a more complete combustion process compared to the heterogeneous combustion in the direct
injection diesel at higher speeds.
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1.5. Diesel Engine Applications
Diesel engines are typically used when high power and torque are necessary and engine
weight is not a primary concern. Some general heavy-duty applications of diesel engines include:
commercial trucking, personal commuting, marine propulsion, farming and industrial equipment,
generators, locomotives.
Operational modes of the diesel engine vary by application. Many diesel engines
regularly work in a steady state application s. That is to say they are set at a constant speed and
continuously run against any load applied. Such applications include large ocean liners or in
generator sets. The diesel engine is very valuable in these applications due to its efficiency and
durability as already noted.
Diesel engines may also used in transient environments. Figure 1.3 shows the Federal
Test Procedure (FTP) for a Heavy Duty Diesel. This procedure is used to certify large on-road
truck emissions production and is an example of the transient schedule a diesel engine might see.
Normalized Speed

120%

Normalized Torque

100%
80%
60%
40%
20%
0%
0

60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960 1020108011401200
Time (s)

Figure 1.3: Speed and Load Schedule for the EPA Off-Road Heavy Duty Transient Test Cycle
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1.6. Pollutant Restrictions
Emission regulations have tightened on all modes of transportation since the 60s. Figure
1.4 shows the recent emissions regulation history for diesel engines up to the Tier 4 requirements
implemented 2015, in which particulate and NOx must not exceed 0.01 and 0.02 g/(BHp•Hr),
respectively. The figure highlights the increasing restriction on the diesel engine’s emissions
production and the exceeding effort that is required to meet the new demands set by the EPA.
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Figure 1.4: NOx and Particulate Limits for US Diesel Engines (Dieselnet, 2015)

1.7. Motivation for Research
The benefits of diesel engines along with pending energy resource strains and emissions
regulations suggest the research as an important fixture for future energy sustainability.
Improvements must be found in a vast array of energy use implementations for transportation,
commercial and industrial applications.
Few alternative power systems can deliver similar efficiency as diesel engines in mobile
applications and the robust capabilities in all applications. Diesel fuel is already readily
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accessible and biofuel or synthetic fuel can be used almost as easily. Some improvements to the
original diesel engine designs include; turbocharging, exhaust gas recirculation, diesel particulate
filters, high pressure fuel injection and the common rail, and urea filtration. These improvements
will be discussed in greater detail in the Background section.
The diesel engine still has plenty of room for more improvements. The diesel engine can
still be made lighter. It can achieve higher compression ratios. Turbocharging still has room for
advancement. Current exhaust after-treatment systems can continue to improve their impact on
engine efficiency and emissions reduction potency. Engine control is reaching a new level of
sophistication that will continue to improve engine efficiency.

1.8. Research Objective
The objective of the research presented is to improve current engine efficiency and
emissions production through the use of better VGT (Variable Geometry Turbine) and EGR
control strategies. The HPEGR and VGT will be optimized on a 9L heavy-duty diesel engine to
reduce engine fuel use, NOx production, and PM (particulate matter) production. The engine
subsystems will initially be optimized in various steady state engine conditions to provide a
baseline analysis for transient engine testing.
The dissertation will contain three parts. Firstly, a steady state optimized VNT and
HPEGR control will be used during 3 different transient events. The ramp rate of the
transient event will then be increased from a 10 second event to a 2 second event to
identify the effects of transient engine operation on emissions production and fuel
consumption. Secondly, the VNT and EGR control will be manually configured in attempt to
improve engine performance throughout a loading and speed increase transient. Finally,
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the VNT and EGR control strategies will be applied in advance of the transient event to in
an attempt to further increase transient performance of the engine.
Diesel engines and the proposed research allow for the fuel flexibility, emissions
decreases and fuel use improvements in a full array of applications. The proposed research
improves the performance of diesel engines and subsequent systems with minimal cost required.

10

2. BACKGROUND
2.1. Introduction
This section provides an up to date literature review of the modern diesel engine,
including: modern diesel engine subsystems and modern diesel engine control. The Background
will also assess problems facing modern engine control and operation. Most notable, attempts to
meet emissions regulations and fuel efficiency standards will be discussed due to their
importance in the allowed operation of future diesel engines.

2.2. Diesel Engine Fundamentals
2.2.1. The Diesel Cycle
The thermodynamic cycle in a diesel engine is very similar to that of an SI engine, which
is approximated by the Otto cycle. The main difference between the ideal Diesel cycle and the
ideal Otto cycle is the method of heat addition. The ideal Otto cycle is assumed to have constant
volume heat addition and the ideal Diesel cycle is assumed to have constant pressure heat
addition (Çengel & Boles, 2008). The ideal diesel cycle follows 4 paths (Urieli, 2013): isentropic
compression, constant pressure heat addition, isentropic expansion, and constant volume heat
rejection.
The ideal diesel cycle varies from the real diesel cycle. Figures 2.1 shows the true diesel
P-V diagram. The intake valve is open from Point H to Point A in the figure. The exhaust valve
is open from Point F to Point G in the figure. Pressure is noticeably higher during exhaust valve
opening than during intake valve opening. This pressure differential can also be seen in the
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exhaust and intake manifolds. The figure is also useful in the background discussion of
turbocharging and some exhaust gas recirculation, which will follow later in this chapter.
Turbochargers use the higher exhaust manifold pressure to supercharge intake air and highpressure exhaust gas recirculation uses the pressure difference between the manifolds to supply
exhaust gas to the engine intake.

Figure 2.1: Log P-V Diagram for a Diesel Engine (Primus, 1999)
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2.2.2. Physical Characteristics of Diesel Engine
Physical characteristics, such as air-fuel ratio and combustion timing, alter engine cycles
(Knothe & Gerpen, 2010). SI engines usually operate near stoichiometric equivalence ratios
and combustion occurs in a homogeneous mixture in conventional combustion. This
homogeneous mixture is created by either introducing the fuel with the air entering during intake
in port-injected applications, or by injecting it early in the compression stroke in direct-injected
(DI) applications. Sometimes, the charge is intentionally stratified in DI SI engines by delaying
injection until later in the compression stroke, however the injection is typically fully complete
before the spark occurs. In contrast, the equivalence ratio for properly operating CI engines is
always lean, and conventional diesel combustion occurs in a heterogeneous spray, which is
introduced into compressed air near TDC of the compression stroke. Combustion within this
spray usually initiates before the fuel-injection process is complete and therefore the flow rate
and character of the spray strongly affect the associated combustion process.
Because of this design, the Diesel engine has fueling and mass transit challenges to
overcome in practical application, such as fuel mixing during injection and airflow transit delays
between engine systems (Demirbas, 2008). Since the diesel engine uses heterogeneous mixtures,
fuel rich or lean areas always occur within the combusting spray. Fuel rich areas lead to soot
production. Fuel lean regions lead to NOx production. Figure 2.2 illustrates the structure of a
reacting spray that occurs in a modern diesel engine with a high-pressure injection system (Dec
J. E., 1997). Air Fuel ratio, fuel injection rate, ignition delay, and timing can greatly affect the
combustion plume.
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Figure 2.2: Diesel Plume (Dec J. E., 1997)

Along with these design challenges, electronic fuel injection and other advancements in
engine control allow for an increasing number of control parameters. The current table based
approach for control is impractical for the increasing degree of freedom in engine control.
Possibilities of new engine control methods and their effects on engine emissions production will
be assessed in more detail later in the dissertation.

2.2.3 Key Emissions Production Characteristics
The major challenge for modern diesel engine design is to simultaneously minimize
particulate matter (PM) and oxides of nitrogen (NOx) production.
Diesel PM can consist of organic compounds, nitrates, sulfates, metals and dust in pure
ore mixture combination forms. The associated particle sizes range from a few nanometers to a
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few micrometers and the number concentrations typically follow a tri-modal size spectrum. From
smallest to largest these include nucleation, accumulation and coarse modes. The various
regulatory agencies define and control PM according to size, mass and in some cases number
concentration. The EPA states that PM smaller than 10 micrometers has the capability to cause
health problems to humans. PM emitted from a diesel engine is generally less than 2.5
micrometers in size and poses implicit risks. PM of any size may be inhaled and accumulated in
the respiratory system (EPA, 2013). PM smaller than 2.5 micrometers may lodge further in the
respiratory system than larger PM. The smaller PM may also pose a greater risk of lung cancer
and lung disease (Wolrd Health Organization, 2013).
The main precursors to PM formation are polycyclic aromatic hydrocarbons (PAH) and
unsaturated unburned hydrocarbon (UHC) fragments. PM production primarily occurs in fuel
rich, low temperature conditions. PM has a tendency to agglomerate with other compounds to
form larger particles. Water also has an affinity to PM and adds to PM size and reactivity. Given
time, most PM will oxidize. Oxidation of larger PM particles usually leads to higher counts of
smaller particles that in some cases can be significantly more harmful to health than the larger
particles from which they originated (Kittelson & Kraft, 2014).
dNOx refers to any combination of nitrogen and oxygen including: NO, NO2, N2O3, N2O,
N2O4, and N2O5. NO and NO2 are the primary forms of NOx created in common diesel
combustion. NOx is created by several mechanisms but three particular pathways are considered
to dominate NOx production in combustion processes. These are: (1) Thermal NOx, which forms
in high-temperature burned gasses when both O2 and N2 are present. (2) Fuel NOx, which forms
in the combustion reaction pathway of some nitrogen containing fuels, and (3) Prompt NOx,
which also forms within the combustion reaction pathway, but involves N2 from the air and
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therefore is not restricted to nitrogen containing fuels. Prompt NO formation typically occurs
under rich, low temperature conditions. Prompt NOx forms when N2 reacts with certain radical
compounds created in the fuel reaction pathway.
Lowering burned gas temperatures can substantially reduce thermal NOx. This can be
accomplished by using EGR or excess air as a diluent. Thermal NOx is thought to form
following the extended Zeldovich mechanism.

N2 + O --- NO + N

(2-1)

N + O2 --- NO + O

(2-2)

N + OH --- NO + H

(2-3)

These reactions follow Arrhenius kinetics and therefore NOx production increases
exponentially with temperature. Generally, insignificant concentrations of NOx form by this
mechanism at temperatures below 1600oC.

2.3. Advances in Modern Diesel Engine Technology
Diesel engine technology has progressed substantially in the last 25 years. The following
improvements have occurred from 1988 to 2006: 60% decrease in noise, 90% decrease in
emissions, 30% increase in efficiency (Hagena, Filipi, & Assanis, 2006). Modern Diesel engines
typically achieve around 40% fuel conversion efficiency in vehicle operation and over 50% in
large two stroke operations (Rakopoulos & Giakoumis, 2009). Diesel engine emissions have also
been reduced greatly over the last 30 years. Figure 2.3 shows the history of the US NOx and PM
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emission standards that Heavy-Duty Diesel engines must meet to be legal for on road use.
Regulations will most likely continue tightening in the future.
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Figure 2.3: Heavy-Duty C.I. Engines Regulation (Enviromental Protection Agency, 2013)

Compression ratios achieved in modern engines have risen to around 18:1 and account
for large efficiency gains. Engine composition, structure, and combustion roughness are major
limiting factors in modern compression ratios. Compression ratios could increase but the
cylinder pressures seen would lead to a more rigid construction. The rigidity of the construction
and its efficiency gains would have to out weigh the cost and weight gains. Improvements in
materials used help to increase engine rigidity with negligible weight gain. Various engine
subsystems and control techniques have also progressed diesel engine technology. These
subsystems and their impact on engine performance and emissions will be discussed in the
following section.
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2.3.1 Diesel Engine Subsystems
The major subsystems which have facilitated the majority of modern diesel engine
improvements are; the high-pressure fuel injection system, the turbocharger, the exhaust gas
recirculation system and the exhaust after-treatment system, which may include particulate
filtration and selective catalytic reduction (SCR) of NOx. Fuel injection and after-treatment
systems will be discussed briefly, while turbocharging and EGR will be discussed briefly in this
section and in more detail in the following sections.
Turbocharging utilizes engine exhaust energy harnessed with a turbine to drive a
compressor to supercharge the intake flow. Supercharging increases the airflow into the engine
by raising the intake manifold pressure and density. Turbochargers may sometimes improve the
fuel conversion efficiency of diesel engines. Turbocharging allows smaller engines to produce
the same amount of power as larger engines and therefore reduce weight and often fuel
consumption. As already indicated, reducing fuel consumption inherently reduces CO2 when
burning hydrocarbon fuels.
Exhaust Gas Recirculation re-routes non-combustible, practically inert gases from the
exhaust back into the intake manifold. These gases act to reduce the combustion temperature,
which, as was discussed in Section 2.2.3 serves to reduce thermal NOx formation. Flame
temperature reduction occurs because exhaust gases have already used their chemical potential
and are no longer reactive, however their presence increases the heat capacity of the charge.
Therefore, the exhaust gases only act as a heat sink in the overall thermal equilibrium.
Specifically, the non-reactive gases undergo an isentropic heat gain, which lowers combustion
temperatures to avoid an environment conducive to NOx formation.
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Direct fuel injection and common rail systems allow for better fuel air mixing and
combustion timing control as compared to previous fueling systems (Stone & Ball, 2004). Highpressure fuel injection atomizes the fuel directly in the cylinder during combustion. The better
fuel mixing seen in these systems leads to a more complete combustion by avoiding reactions in
overly rich portions of the mixture. The common rail system supplies fuel at a steady and
controlled design pressure. Common rail pressures can be in excess of 40,000 psi. The higher
pressure allows for better atomization.
After-treatment systems generally scrub the exhaust to rid it of the systems design
emissions. A diesel particulate filter (DPF) traps PM in the exhaust. The DPF often traps PM
with corrugated walls through in the flow path. The filters may be made from a variety of
materials such as ceramic fibers or silicon carbide. A diesel particulate filter may be targeted to
trap a specific size of particulate. Modern DPFs typically undergo a period of regeneration to
clean them once the DPF is filled. Regeneration burns the traps PM into smaller PM. SCR NOx
reduces NOx in the exhaust into molecular nitrogen and water. Ammonia or urea is injected into
the exhaust downstream of the SCR unit. The mixture diffuses through the catalyst, which
improves reaction conditions and helps the nitrogen reagent reduces the NOx compounds (United
States Environmental Protection Agency).

2.3.2. EGR Fundamentals
EGR inserts inert gases from the exhaust into the intake manifold to reduce NOx
production. Figure 2.4 shows NOx reduction from an increase of EGR flow rate (Yokomura,
2003). Yokomura et al. tested the effects of EGR rates on a turbocharged, direct-injection,
heavy-duty diesel engine at various loads and a steady speed of 1320 rpm. The figure shows a
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clear reduction of NOx mass flow rate with an increase in EGR rates. The figure also shows EGR
rates are limited at higher loading. The maximum EGR flow rate obtainable for the engine was
roughly 45% at low load and 17% at high load.

Figure 2.4: NOx Reduction from EGR Rate Increases (Yokomura, 2003)

EGR rates require accurate calibration. Since EGR lowers flame temperatures it can lead
to incomplete combustion. Incomplete combustion raises UBHC and PM concentrations. A SI
engine can tolerate up to 20% EGR with no misfire issues. A modern direct injected CI engine
can tolerate up to 50% EGR and use even higher rates while operating with low loads (Hawley,
Wallace, Cox, Horrocks, & Bird, 1999). Such high rates may require pressure control systems
and will affect turbocharger performance, though use of a variable geometry turbocharger may
mitigate these effects to some extent. The mitigation will be discussed in the subsections that
follow.

20

2.3.2.1. EGR Flow Paths on Turbocharged Engines
There are three different EGR flow paths typically used in modern diesel engines. These
are designated: high pressure, low pressure, and post-DPF. Figure 2.5 illustrates each of these
flow paths. High pressure EGR (HPEGR) diverts exhaust gas from the exhaust manifold prior to
its expansion in the turbine and routes it directly into the exit stream of the compressor entering
the intake manifold. Low pressure EGR (LPEGR) routes exhaust after it has been expanded in
the turbine to low pressure into the intake stream on the low-pressure side of the compressor.
Post-DPF recirculation is similar to LPEGR except the exhaust is diverted to the inlet stream
after it has passed through the exhaust particulate filter and possibly an SCR NOx reduction
catalyst.
High-Pressure EGR
Low-Pressure EGR
Post-DPF EGR

DPF

Exhaust

Exhaust Manifold

Engine Block
Intake Manifold
Fresh Air
Figure 2.5: HPEGR, LPEGR, and Post-DPF EGR Schematic

High pressure EGR can have slightly different effects on emissions and efficiency than
the other two forms. HPEGR has been shown to sometimes increase cylinder pressure and
compressor work due to higher backpressures caused by the system. HPEGR can negatively
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affect turbocharger performance. High HPEGR rates can cause high intake manifold air
pressures and limit fresh airflow through the compressor, which may lead to compressor
surge. Furthermore, the higher the HPEGR rate, the lower the available energy is to drive
the turbine, which consequently limits maximum boost, particular under transient
conditions (Langridge & Fessler, 2002). Higher boost pressures seen with LPEGRs usually
leads to lower PM rates compared to HPEGR due to higher oxygen content seen in the system.
Although, LPEGR does increase pumping losses of the total system as compared to the HPEGR.
Since HPEGR can facilitate a shorter flow path than LPEGR and CGI, it may provide better
transient performance at lower EGR levels (Maiboom, Tauzia, Shah, & H´tet, 2009). Research of
HPEGR control theory by Black et al., Smith et al., and Wijetunge et al. gives some highlights
on how to control the complex system most efficiently.

2.3.2.2. EGR Control
The goal of EGR management is to maximize NOx reduction in automotive applications.
Initial use found that excessive EGR rates could cause engine misfire. Diesel engines can obtain
higher EGR rates than their gasoline counterparts due to general excess of air and heterogeneous
mixing techniques mentioned in Sections 2.2.1. and 2.2.2. Therefore, diesel engines are generally
designed with higher EGR flow rates at low load since the increase in EGR rate leads to such a
high reduction in NOx production and minimal PM is produced.
Early EGR systems were tuned to minimize NOx production and their optimization was
not well integrated with other engine subsystems. Early EGR use immediately saw effects on PM
and NOx along with BSFC. Smith et al. saw a direct decrease in NOx production with the
addition of EGR in experimental tests performed with a turbocharged 77kW, direct injection,

22

turbocharged diesel engine (Smith, Tidmarsh, & Wilcock, 1998). The tests were conducted with
the engine running at 2000 rpm and 2 bar brake mean effective pressure (BMEP) and 2750 rpm
and 5 bar BMEP. Figure 2.6 shows EGR mass flow rate’s simultaneous effect on PM and NOx
production at 2000 rpm and 2 bar BMEP. The figure indicates a clearly positive impact on NOx
production as EGR rate increased. The figure also indicates a slightly positive impact on PM
production. The same test showed an increase of EGR up to 20% to 30% reduced HC. Once the
20% to 30% EGR rates were reached, higher HC emissions would occur if any more EGR were
added.

Figure 2.6: The Effect of Start of Injection Timing and EGR Rate on PM and NOx at 2000 rpm
and 2 bar BMEP (Smith, Tidmarsh, & Wilcock, 1998)

Figure 2.7 shows EGR mass flow rate’s simultaneous effect on BSFC and NOx from the
same investigation. The figure shows the same improvements of brake specific NOx production
due to an increase EGR rate. Brake specific fuel consumption has a more complex reaction to
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increased EGR rates. Some improvements can be seen with late combustion timing and added
EGR. Though, the major BSFC trend is an increase with increased EGR rate.

Figure 2.7: The Effect of Start of Injection Timing and EGR Rate on BSFC and NOx (Smith,
Tidmarsh, & Wilcock, 1998)

With the operating conditions of 2750 rpm and 5 bar BMEP, the engine showed minimal
PM change with EGR rate increase. The same operating conditions showed a similar HC and
NOx trend as the lower speed case. The studies imply an optimized EGR position based on
engine type and operation mode, generally around 30% (Smith, Tidmarsh, & Wilcock, 1998).
Intake manifold airflow rate (MAF) has previously been a commonly used parameter in
EGR control. An investigation by Black et al. found controlling EGR rates with calculated MAF
during transient events, reduced engine performance compared to control via steady state settings
(Black J. , Eastwood, Tufail, Winstanley, Hardalupas, & Taylor, 2007). The EGR feedback
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controller was unable to accurately track the requested MAF values through the transient.
Instead, they chose MAP control and EGR rate control and demonstrated a significant
improvement in EGR controller accuracy due to improved parameter measurements. That is, the
feedback system was able to track EGR percent mass more accurately. The increase of EGR rate
tracking accuracy allowed for better engine transient performance. Figure 2.8 highlights the
improved accuracy of the MAP control system parametric as opposed to the MAF control. The
test was conducted during the European Extra-Urban Drive Cycle (EUDC). Turbocharger vane
position and EGR valve position were calibrated for optimized steady state NOx production as
controlled by MAP and MAF. Therefore, the set points of engine MAP and MAF were
optimized for steady state conditions and not transient conditions. Although the controller may
track the set points accurately, it may not produce the optimum results due to non-ideal set
points.
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Figure 2.8: Normalized Transient MAF and MAP ECU Demands and Steady-State Fuel and Torque Based Delivered Normalized
MAF and MAP During a European EUDC; (T) Transient, (S_NMF) Steady-State Speed-Fuel Mode, (S_NTQ) Steady-State SpeedTorque Mode (Black J. , Eastwood, Tufail, Winstanley, Hardalupas, & Taylor, 2007)
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A study by Wijetunge et al. suggests restricting EGR in a high-pressure loop to boost
exhaust manifold pressures during transient loading or speed increases (Wijetunge, Hawley, &
Vaughan, 2004). Boosting exhaust manifold pressures in this manor can increase the available
work from the turbine to the compressor but may result in higher NOx production. Therefore a
boost in intake manifold pressure and oxygen percent can be applied in unison with the higher
fueling rates. Not only does this improve airflow into the engine, but it may also lead to
reduction in PM production during the transient event. Figure 2.9 shows MAF with standard,
independent control and coordinated control of the VGT and EGR. The study is initially at low
load (10 mg/injection) and low speed (1500 rpm) and a fueling step (5 mg/injection increase) is
applied at time equal to 0. Coordinated control closes the EGR slightly before 0 to allow for the
extra turbocharging. The figure indicates a dramatic increase in MAF with the coordinated
control of the EGR and VGT compared to the standard control. Though the research suggests
possible decreases in emissions production, no evidence was produced. The dissertation will
build upon the principle of early boosting in later sections.
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Figure 2.9: MAF Response to a Loading Increase with Standard (STD) and Coordinated Control
(COORD) (Wijetunge, Hawley, & Vaughan, 2004)

2.3.3. Supercharging and Turbocharging Fundamentals
Overview. Generically speaking, forced air induction and supercharging refers to
boosting an engine’s intake manifold pressure in a way such to increase the density of the charge
trapped after the intake process. This can be done either by using a mechanical compressor to
pressurize the intake system or by designing the intake-piping network to utilize the air motion to
generate a positive gauge pressure at the intake valve as it closes during the end of the intake
process. The latter of these two methods, known as intake tuning, can increase trapped charge
density up to 20% at the designed tuning speed compared to an untuned system and doesn’t
require any additional hardware that must be externally powered or that may decrease efficiency
in other ways. However, a tuned intake system may degrade performance when an engine is
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operating out of its tuned range, and the tuned performance gains are modest compared to what
is possible with systems pressurized using a mechanical compressor.
Systems relying on a compressor fall generally into two categories, those that are
powered by the engine crankshaft or an electric motor or those powered using a turbine driven by
the exhaust gasses. The first of these systems are known specifically as superchargers while the
latter systems are known as turbochargers. Superchargers use various compressor configurations,
including: Roots, Lysholm screw and radial among others. Both the turbine and compressor of
most turbochargers are radially configured turbomachines. Diesel engines use both
superchargers and turbochargers. However, turbochargers are becoming the much more common
supercharging method. As such and since the subject of this work specifically relates to
turbocharged diesel engines, the remainder of this section provides details on how turbocharging
affects diesel performance, radial turbomachinery basics, and turbocharger performance details
relevant to this work.

2.3.3.1. Forced Air Induction Usefulness
The objective of a forced air system created by turbocharging is to increase volumetric
efficiency and increase intake air. Volumetric Efficiency is the effectiveness of the engine’s
inductive air process (Heywood, 1988).

=

,

(2-4)

In a naturally aspirated system, the maximum volumetric efficiency of an engine with untuned intake and exhaust systems is limited to roughly 85% since the piston must create a
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vacuum relative to atmospheric pressure in order to draw air into the cylinder. (Heywood, 1988).
The boosted manifold pressure and density in a forced air induction system means the vacuum
created by the piston is relative to a higher pressure, and the resulting airflow into the engine
occurs at a higher density. Therefore the volumetric efficiency relative to an atmospheric
reference density (from the denominator in eqn 2-4) is increased.
With more air trapped in the combustion chamber, a forced air engine can burn more
fuel, thereby increasing the amount of chemical energy released during combustion. This means
a given engine can develop more power without increasing the engine displacement or operating
speed. Generally, this results in a lighter engine operating with less friction and heat loss than an
equivalent output naturally aspirated engine, which leads to increased efficiency. The higher
output from a smaller cylinder operating at a lower engine speed implies higher combustion
pressures. In SI engines this often requires decreasing compression ratio to avoid combustion
knock. The decrease in efficiency associated with this compression ratio decrease can negate the
improvements associated with supercharging. Diesel engine combustion systems work better at
higher pressures, so the higher pressures achieved with turbocharging do not necessitate a
reduction in compression ratio and therefore the efficiency gains associated with turbocharging
can be preserved.

2.3.3.2. Turbocharger Compressor Design
Compressor designs vary based on size, trim, and Area/Radius ratio. These parameters
are shown in Figure 2.10. Compressor size is the diameter of the outside of the compressor
wheel. Trim is used to define the difference of the diameters of the inside and outside of the
compressor or the inducer and exducer. Equation 2-5 shows this relationship.
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=

∗ 100

(2-5)

Figure 2.10: Turbocharger Compressor and Turbine Design (Garrett, 2012)

The trim can have an effect on the amount of air that may pass through the compressor.
For a given exducer size, a larger inducer will move more air while a smaller one will
improve turbo response. Typically, the compressor is sized by mass airflow capabilities. A
compressor with a larger inducer will be able to meet a higher mass airflow demand but will lack
performance. Therefore, trim and turbocharger size must be considered simultaneously to ensure
a balance of turbo response and mass airflow capabilities. The A/R ratio is the cross sectional
area of the inlet of the turbine or compressor divided by the distance from the turbocharger
centerline to the centroid of the cross sectional area as shown in Figure 2.11. A/R ratio defines
compressor performance at various flow rates. A larger A/R may be used for low pressure, high
flow situations (Garrett, 2012).
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Area

Radius

Figure 2.11: Area to Radius Ratio Illustration

2.3.3.3. Turbocharger Compressor Operation
A compressor map, such as that shown in Figure 2.12, is used to quantify compressor
performance. Pressure ratio and airflow are the parameters most important to engine
performance, and their relationship is determined by matching the engine airflow characteristics
with those of the turbocharger as described by the map. Choosing the appropriate compressor
size optimizes this relationship. Since most engines operate over a wide range of conditions,
sizing can be difficult due to varying flow rates and compressor speeds inducing surge or choke.
The surge line lies on the left side of the map. Surge may occur when the manifold pressure is
higher than the compressor can maintain, such as when the engine stops rapidly or EGR flow
rate is increased quickly. Surge may also airflow is restricted through the compressor. Surge
generally occurs after a stall but other reasons may induce surge. Stall is a disruption of airflow
to the compressor. The disruption may cause a low-pressure pocket of air to occur behind the
compressor blade, which then limits airflow through the compressor and creating surge. As
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stated before, in a HPEGR system, surge may come from too much EGR flow at too high of a
pressure. The choke line lies on the right side of the map and may be reached if the engine
requires more air than the compressor can supply. The lines bowing across the map are speed
lines. Finally, efficiency islands are shown on the map. Compressors are sized to maximize
operation in the highest efficiency region on the map as defined by these islands. The
performance parameters of geometrically similar turbo-machinery scale with various powers of
impeller diameter, so the impeller can be sized to achieve maximum efficiency at a desired
engine pressure ratio and corresponding flow rate.
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Figure 2.12: Compressor Map (Garrett, 2012)

2.3.3.4. Turbocharger Turbine Design
Turbochargers uses exhaust gas to drive a turbine, which drives the compressor with a
shaft connected between the two. Average diesel exhaust manifold temperature and pressures
can vary from 600F to 1100F and 2 Atm to 4 Atm. The turbine is powered by the enthalpy
reduction caused between the exhaust in the exhaust manifold and in the tailpipe. Since the
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turbocharger is not connected to the engine, it does not increase mechanical drag. However,
turbocharging results in higher exhaust back pressure, which restricts inlet flow and increases
exhaust pumping loses. Figure 2.13 shows a schematic of a turbocharging flow path. The stage
from 1 to 2 is the compression of intake air. Step 3 shows the compressed air being cooled in an
intercooler. The intercooler is used to chill the compressed air due to its higher temperature after
leaving the compressor. Cooling the air increases the density, therefore allowing for a higher
mass flow rate at a given volume flow rate. The higher mass flow rate supplies more air for
combustion, which allows for power from the engine. Engine combustion and power extraction
occurs between 4 to 5. The turbine expansion occurs between points 6 and 7.

Figure 2.13: Turbocharging Flow (Garrett, 2012)

Selecting the optimum turbine design depends on the desired level of power increase (ie
manifold boost) and the prevailing exhaust manifold conditions in the engine The three key
exhaust manifold variables that dictate optimal turbine design are exhaust flow, pressure, and
temperature. The parameters of size, trim, and A/R apply to turbines, similarly as they do to
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compressors. Size has obvious effects in determining turbine flow at various speeds and reaction
to changing conditions. Trim can have effects on flow as well. Turbine exducer and inducer are
switched from the compressor. The exducer is the smaller diameter of the turbine and inducer is
the larger diameter of the turbine. Therefore, a larger inducer still implies higher flow if all other
variables are held constant. A/R ratio has significant effect on turbine performance. Figure 2.14
illustrates how trim and A/R affect turbine performance (Garrett, 2012). The corrected Gas
turbine flow defines flow through the turbine as the mass flow if the exhaust in the exhaust
manifold were at standard atmospheric temperature and pressure. Lower A/R ratios restrict flow
more than higher ratios. Therefore, higher A/R ratios are better suited for high mass flow rates. A
smaller A/R may be used to increase exhaust velocity but will reduce flow rate and cause a
tangential flow into the wheel. A larger A/R will increase the flow rate but decrease exhaust
speed and delay boost. A/R must be chosen based on expected engine performance. A Smaller
A/R will perform better at lower RPM and a Larger A/R will perform better at Higher RPM
speed with all other variables held constant.

36

Figure 2.14: Turbine Map with Varying A/R (Garrett, 2012)

2.3.3.5. Turbocharger Improvements
Diesel turbochargers have evolved steadily since Alfred Büchi built the first turbocharged
diesel engine prototypes in 1915 (Leduc, 2015). Following describes some of the key
improvements that have been made. Material limitations strongly influence turbocharger
performance. Turbochargers see very high heat of 1300F, high friction, and can have excess
speeds of 130,000 rpm. At these speeds and temperatures, steel ball bearings tend to break down,
as does a low-grade steel turbine. Some high temp ferrous alloys have been explored for turbo
charger bearing and turbine applications. It’s not uncommon to find titanium alloys used in
turbine blades. Machining advancements have been used to improve turbocharger parts
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performance and life. One of the most important turbocharging advancements has been the
Variable Geometry Turbocharger. The VGT design is limited by the working material available
and abilities of precision machining.

2.3.3.6. Variable Geometry Turbocharger Fundamentals
A Variable Geometry Turbocharger (VGT) can provide drastic performance
improvements particularly for diesel engines. The VGT utilizes a changing A/R ratio to improve
the turbochargers performance over the engine’s operating range. At low speeds and boost
levels, the A/R ratio can be adjusted to a small value to increase the turbine response and reduce
turbo lag, which is the time delay from a command for increased engine power until the boost
increases enough to meet the requested additional power. At high load and engine speed, the A/R
can be increased to develop high boost at high flow rates. Figure 2.15 indicates some
improvements that may be made with a VGT configured on a 7.3 liter diesel engine during an
acceleration from 0 to 60 mph (Filipi, Wang, & Assanis, 2001). The fundamental difference
highlighted between the conventional turbocharger and the VGT is the immediate increase in
boost pressure at time equal to 5 seconds. The quick increase in boost pressure negates turbo lag
that would otherwise cause a turbocharged engine to seem sluggish. The figure also indicates
engine speed and vehicle speed simulated during the acceleration. The vehicle speed is improved
significantly during initial acceleration and first gear engine speed shows a drastic improvement
as well. Another notable feature is the increase in fuel injection at the start of acceleration. Fuel
injection rates are allowed to increase earlier with the VGT compared to the conventional
turbocharger, due to the addition of MAF from the VGT. Fuel injection rates in unison with VGT
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control and their impact on emissions production will be discussed in further detail in Section
2.3.3.7.

Figure 2.15: Comparison of a Convention Turbocharger and a VGT with Engine Speed, Vehicle
Speed, MAP (Boost), Fuel Injected During a Full Power Acceleration from 0 to 60 mph (Filipi,
Wang, & Assanis, 2001)
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A VGT can have one of two designs: variable nozzle or sliding plate. A sliding plate
turbocharger actuates a plate back and forth to restrict airflow. A Variable Nozzle Turbocharger
(VNT) actuates vanes at the perimeter of the turbine wheel to restrict A/R and can also direct
exhaust gas flow onto the turbine blades (Tan, 2006). Figure 2.16 shows a common VNT design.
VNT vanes can be actuated by a spring system or electronically. The vane design has a direct
impact on Torque, BSFC, and Boost at various RPM but can limit capacity as compared to the
actuating plate design (Tange, Ikeya, Takanashi, & Hokari, 2003).

Figure 2.16: Variable Nozzle Turbocharger (Tan, 2006)

2.3.3.7. Variable Geometry Turbocharger Control.
The simplest turbocharger control method uses a spring actuated and pressure controlled
system. Electronic geometry systems allow more control over turbocharger performance. A
Turbocharger Power Assist System (TPAS) can also reduce turbo lag (Rakopoulos &
Giakoumis, 2009). TPAS is a turbocharger with capabilities of energy storage by use of any
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mechanical or electrical methods. TPAS has shown fuel use decreases of 2% in first gear
accelerations (Kolmanovsky & Stefanopoulou, 2000). The system can also provide smoke and
PM reductions during transient operation through improved fuel-air equivalence ratio control.
Filipi et al. used a three layer, feed-forward artificial neural network in Simulink to
develop a VGT control system (Filipi, Wang, & Assanis, 2001). The control system was
simulated with a VGT on a 7.3L Diesel engine during the federal highway driving cycle. Spikes
in F/A ratio and boost pressure were observed with both the VGT and conventional turbocharger.
The higher boost at lower exhaust manifold pressures experienced with VGT led to favorable
F/A conditions compared to the conventional turbocharger, as shown in Figure 2.17. The lower
F/A values indicate an increased air intake for the engine, which helps to reduce PM production.
They are maintained through optimized turbocharger boost based on exhaust manifold pressure.
The optimized turbocharger boost is simple to maintain independently but as other factors, such
as EGR rate, are changed turbocharger boost control becomes more difficult. A differential
pressure of .5 bar was applied from the exhaust to the intake to ensure proper EGR control and
the author notes this may lead to unfavorable turbocharger conditions such as over speed and
compressor operation at the surge limit. Combined HPEGR and VGT control will be assessed
later in Section 2.5.
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Figure 2.17: VGT Affect on Boost Pressure and Fuel Equivalence Ratio of the US Highway
Driving Cycle with a 7.3L Diesel Engine (Filipi, Wang, & Assanis, 2001)

Black et al. tested a direct injection, I4 diesel engine at 2200 rpm and 6 bar BMEP for
effects of VNT position on smoke production. Figure 2.18 shows the VNT optimization with
various EGR positions. EGR position is indicated by the openings defined in the boxes at the top
of the figure and the parenthesis in the legend. Engine pressure ratio is defined as the exhaust
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manifold pressure over the intake manifold pressure. The study found that the decrease in engine
pressure ratio due to opening VNT blades caused excess particulate production. That is, higher
boost levels show a definitive improvement in PM production. Pumping losses may also be
improved with closed VNT positions. The same report from Black et al. also shows closed VNT
vanes allows for higher torque demands to be met with no cost to smoke opacity at lower engine
speeds. Therefore, the tests indicate the most benefit from closed VNT positions at low RPM
(Black J. , Eastwood, Tufail, Winstanley, Hardalupas, & Taylor, 2007).
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Figure 2.18: Effect of VNT Position and EGR Position on Engine Pressure Ratio, PMEP, and Smoke at Constant Speed and Torque
(Black J. , Eastwood, Tufail, Winstanley, Hardalupas, & Taylor, 2007)
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2.4. Diesel Engine Transient Operation
Transient operation can be hard to monitor and understand, and therefore hard to control
in an optimum way. Transient engine tests can range in level of complexity. For example, in the
United States, the EPA has developed several test cycles to mimic transient operations in the real
world environment such as the heavy duty FTP, which is an engine dynamometer test with a
complex engine speed and load schedule that lasts nearly 30 minutes. In contrast, simple single
load and speed changes could be used to study the basics of transient operation. Tests can also be
performed in vehicle during normal operation. These tests provide significant results but
applying testing equipment to vehicles can prove to be difficult.
Transient tests have shown: 36% increase in HC, 1% increase in NOx, 47% increase in
PM (Samulski & Jackson, 1998). Newer engines were more susceptible to transient gains
because of their steady state improvements. That is to say, given transient conditions, modern
emissions control techniques tend to lose effectiveness (Samulski & Jackson, 1998). A study by
Rakopoulos and Giakoumis showed a one to two order of magnitude instantaneous increase of
PM and NOx emissions during load increases (Rakopoulos & Giakoumis, 2009). Studies done
with an EEPS (Engine Exhaust Particulate Sizer) on a 1999 model engine also showed higher
PM concentrations with heavy acceleration and high speed (Wang, Storey, Domingo, Huff,
Thomas, & Wesy, 2006). Average over the FTP transient cycle with certification fuel was 4
times that of the BP-15 tests. During the FTP 10nm and 50nm showed an equal increase but
during the BP-15, only the 10nm showed a significant increase. Transients provide evidence of
transition rate effects on emissions as well (Kang & Farrell, 2005). Slower load change resulted
in lower emissions.
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IC Engines frequently operate under transient conditions- particularly in transportation
and off-road construction equipment applications Therefore, overall engine performance is
highly dependent on how engine subsystems respond to such transient conditions (Hagena,
Filipi, & Assanis, 2006). Turbochargers’ influence on transient performance is largely defined by
turbo lag. EGR can exacerbate the negative effect of turbo lag on transient performance. There
has been limited work on simultaneously optimizing EGR and turbocharger interactions within
transient operation; however, considering efficiency reductions and emission increases during
such operation, improved understanding of their transient interactions could lead to significant
improvements in engine performance.
Research by Black et al., Kang and Farrell, Swain et al., and Wang et al. has contributed
to the understanding of proper engine control during transient events (Black J. , Eastwood,
Tufail, Winstanley, Hardalupas, & Taylor, 2007) (Swain, Jackson, Lindhjem, & Hoffman, 1998)
(Wang, Storey, Domingo, Huff, Thomas, & Wesy, 2006) (Kang & Farrell, 2005). The Study by
Black et al. conducted using steady state points to determine proper engine parameter settings.
The research shows the transient events tend to be optimized with parameter settings somewhat
close to those of the steady state points, but do differ. Shows the immediate effects of steady
state points to transient increasing fuel flow and lowering torque. Swain et al. showed
proportional methods may be used to guess at transient performance. Wang et al. found diesel
particulate may be predictable though. With that said, even the most advanced transient
processes would have had little impact in study before the last 15 years. Advancements in
emissions instrumentation in the last 15 years allow emissions monitoring at an extremely fast
rate. Kang and Farrell’s investigation found NOx was lowered at constant speed and torque with
advanced injection timing and increased EGR. HC increased somewhat with advanced injection.
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HC increased significantly with EGR increase. The study showed no effects on HC and NOx
during a load increase when high EGR rates.

2.5. Simultaneous EGR and VGT Management
Modern diesel engine development requires simultaneous consideration of all diesel
engine subsystems, and advancing the state of the art requires further improvements in the
practices to simultaneously optimize these systems. It has been shown that engine performance
and emissions can be greatly improved by proper subsystem calibration (Smith, Tidmarsh, &
Wilcock, 1998). Engine performance and emissions production can also be improved by proper
integration of a VGT and EGR. This section discusses the issues relevant to optimize such an
integration.
The inter-dependence on manifold pressures make optimizing simultaneous control of a
VGT and a HPEGR a considerable challenge. The two are connected to both the intake and
exhaust manifolds, and both influence, and are influenced by, the pressures therein. Black et al.,
Cloudt and Willems, Jung et al. and Khaled et al. investigated this control challenge, with the
majority of their research focused on maintaining pressure differentials across the EGR and
optimizing VGT position for maximum intake boost. John Deere has implemented both VGT
and HPEGR systems on their heavy-duty diesel engines since 2010. Figure 2.19 shows current
John Deere tier 4 engines use a dual VGT and fixed turbocharger system along with HPEGR and
LPEGR.
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Figure 2.19: 2015 John Deere PowerTech 9.0L and 13.5L Engine Configuration (John Deere,
2015)

A study by Cloudt and Williams attempts to optimize VGT, EGR and aftertreatment
control based on emissions production (Cloudt & Williams, 2011). A mean value engine model
was used in the study. The model predicts pressure, temperature, and mass flow throughout the
engine. No specific validation method was cited. The study used a 12.9L 340kW diesel engine
with a HPEGR, VGT, and exhaust after treatment systems. An integrated emission management
strategy was used to control EGR valve and VGT positions and focused on engine air
management. A thermal management mode is used to rapidly warm the exhaust after-treatment.
The process is assumed to reduce emissions production due to increased performance of the
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after-treatment equipment. The EGR and VGT control strategy attempted to optimize the
extended cost functions to reduce fuel consumption and emissions production with a
Hamiltonian. Equivalent prices (π) were used to define PM accumulation, urea use, and fuel use.
Fuel consumption, urea consumption, and PM accumulation rates were defined as functions of
engine speed, torque, VGT position and EGR position set points. The Hamiltonian also includes
weighted temperature functions of SCR and DOC exhaust filtration systems and a weighted mass
flow of NOx. An example of the Hamiltonian is defined in equation 2-6.
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Their system control showed a 2% to 3% improvement in fuel consumption versus a
baseline case in a transient simulation study and mixed results regarding NOx production rates
due to the thermal management mode. Simulated hot World Harmonized Transient Cycle
(WHTC) NOx tailpipe emissions increased 12% while fuel consumption decreased 2%; however
both NOx and fuel consumption decreased by 30% and 2%, respectively in a simulation of the
same test, except starting under cold conditions. Average EGR rate in the integrated strategy
decreased to 22% form 38% in the baseline case. The lower EGR rate in the integrated emissions
strategy was accompanied by 91% higher urea consumption. The VGT and EGR control strategy
had some shortcomings. Since the costs associated with the EGR and VGT NOx production is
defined by EGR position, VGT position, and engine speed, it cannot accurately estimate true
NOx production. The study suggests the further investigation into VGT and EGR control,
specifically for emissions reduction, will help with the implementation of after-treatment systems
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on current diesel engines. Simply put, the less the after-treatment systems have to filter, the
better they may perform.
A similar cost optimization was implemented, which monitored NO, HC, and PM
production along with fuel consumption for a response surface optimization (Montgomery &
Reitz, 2000). Equation 2-7 was used to create the surface model for control of several parameters
of engine operation.
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where: X is any unique combination of engine operating parameters at a given speed and load
point. BSNOM, BSPMM, and BSFCM are the respective calculated values of BSNO, BSPM, and
BSFC at operating point X. BSNOT, BSPMT, and BSFCT are the target values of each respective
element. The effect of the optimization is to give semi-equal weighting to the brake specific
emission optimization and brake specific fuel consumption up to the point where the emissions
readings hit their target value. This ensures brake specific fuel consumption does not override
emissions optimization, which could result in excellent fuel consumption and extraordinarily
high emissions. Montgomery and Reitz were able to reduce brake specific NO, PM, and HC
while simultaneously reducing fuel consumption on a single cylinder testing engine.
Khaled et al. have developed a multivariable control system for a diesel engine equipped
with dual EGR and a VGT (Khaled , Cunningham, Pekar, Fuxman, & Santin, 2014). The study
used a robust control system to optimize the flow for of the different subsystems. A Multi-Input,
Multi-Output (MIMO) controller set EGR flow rates in this case. The system was tuned
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systematically for emissions control but no specific details were presented. The system was
developed for fast production turnover capability and to match Tier 2 demands.
Another control method developed by Jung et al. set to control a high pressure EGR
coupled to a turbocharger as well, though not a variable geometry turbocharger (Jung, Hyomin,
Choi, & Ko, 2013). Their system was developed with a linear state space system and sliding
mode control scheme. The system was simulated in Simulink with the C1 8-mode test. The C1 8mode test is a steady state testing strategy used to simulate driving cycles. The test operates
through 8-modes varying in speed and torque. The study points to promising results of control of
the high pressure EGR but would require a burned gas fraction sensor, which implies added cost.
Further study into these control methods using standard sensors would be of great value to the
automotive community as a whole.
Much research and effort has been applied to maintaining a positive pressure differential
across the EGR from the exhaust manifold to the intake manifold, it is not a difficult requirement
to meet. The majority of studies show no EGR back flow is possible in routine operation. This is
due to the excessive pressure of the exhaust manifold and as the VGT is opened and the exhaust
manifold pressure falls, the boost pressure falls as well. The majority of studies point to the use
of a short boost jump in transient applications as well. That is to say, as the engine speed is
increased, for example, briefly closing the VGT vanes to increase boost pressure reduces turbo
lag and improves engine transient performance.

2.6. Control Theory
The following section provides a brief overview of control theory. The research utilized
simple control strategies; though ultimately more advanced systems may be used to more
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effectively incorporate what is learned. Some more advanced control strategies include lumped
parameter, neural network, and distributive parameter systems. Lumped parameter and neural
network will be assessed in the appendix, while distributive parameter systems will not be
discussed, as they do not pertain to the research. The simple open loop and closed loop control
strategies will be discussed here.

2.6.1. Open Loop Control
Open loop controllers are common in most automated systems. An open loop controller
accepts any number of inputs and supplies an output according to a pre-defined, fixed operating
condition. The open loop system has no feedback. Feedback is the use of controller output within
control action to create an output variable. An open loop controller must be designed for a
predictable plant model; therefore the absence of feedback in open loop systems makes them
susceptible to inaccuracy due to any outside disturbances.
A controller for a car window motor may be used an example of open loop controller.
Figure 2.20 shows the control path for the car window system. The operator may activate a
switch to move the car window up or down. The motor controller accepts the switch input and
supplies an output to the motor. The motor then moves the window up or down accordingly. The
system works without any feedback of the window position or the motor movement. The motor
controller only supplies an output as a function of the input monitored.

Window
Switch

Motor
Controller

Motor

Window
Movement

Figure 2.20: Open Loop Control of a Car Window
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2.6.2. Closed Loop Control
Closed loop controllers use feedback from the system and a defined input to set a defined
output for the system. These systems are designed to automatically control the system to meet
the defined input. A common closed loop controller will initially compare an input request to the
current controller output to create a controller error value. Such a system may be seen in Figure
2.21. The error is then sent to the controller, which has been defined to respond to the error. A
common example of a closed loop controller is speed control for a car. The requested speed is
represented as the plant value desired, the plant output is the car speed, and the plant is the car
engine. The sum block first defines the difference between requested speed and actual speed.
Then the controller either accelerates or decelerates the engine to meet the requested speed at the
plant output.

Plant Value
Desired

+

Error
-

Controller

Plant

Plant
Output

Figure 2.21: Closed Loop Control System

The most common controller for this type of control system is a PID (proportional,
integral, and derivative) controller. Figure 2.22 shows the schematic of a PID controller. The
controller receives the error value from the desired and actual value difference. The error value is
then branched to three gains. The proportional gain multiplies the unedited error value and
returns a new controlling value. The proportional gain is typically used to offset any disturbances
in the system and to general error. The integral gain first integrates the input error and then
returns the multiplied integrated value. The integrator is used to account for offsets in the system,
though it may be used to account for general error as well. The third branch derives the input
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error and multiplies by the derivative gain. The derivative gain is typically small and only used
to counter any quick changes in the system. The three branches are then summed and the
resulting value is output to the plant.

Figure 2.22: PID Controller Schematic

PID controllers work well in linear systems but have diminishing control quality in nonlinear, complex systems. Effort may be made to linearize a system so a simpler PID controller
may be used. Most of the systems discussed in the dissertation have been simplified in such a
way that the PID controller is sufficient. Though, future research will require the more complex
controllers discussed earlier. Once again, reviews of the advanced controllers may be found in
the Appendix.
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3. METHODOLOGY
3.1. Introduction
This section identifies instruments and methods that will be used in the experimental
portion of the proposed work. The test engine, emissions monitoring equipment, controls
equipment, and peripheral sensing devices will be described in detail.

3.2. Test Engine and Engine Subsystems Investigated
The proposed investigation focuses on the interaction between the engine turbocharger
and EGR system. Their interaction and the associated effect on engine performance was studied
on a 350HP 9 liter displacement Caterpillar diesel engine loaded on a Dyne Systems AC
Transient dynamometer. Relevant details regarding the test engine, the variable-geometry
turbocharger and EGR subsystems are provided in the subsections that follow.

3.2.1. 2007 Caterpillar C9
The test engine is a 2007 Caterpillar C9 diesel inline six-cylinder engine with Advanced
Combustion Emissions Reduction Technology (ACERT). It has a 9.3L displacement and a
maximum horsepower rating of 350. The engine’s operating range is from 1200-2200 rpm with a
high and low idle. The high idle is currently set at 1200 rpm and the low idle is set at 800 rpm.
The low idle is used for initial engine warm up, and the high idle is used in general operation.
The higher idle avoids carbon build up that may be seen with excessive use of low idle speeds.
The fuel delivery system uses a two stage pumping system to maintain a high-pressure common
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rail at approximately 30,000 PSI, depending on operating conditions. The common-rail delivers
fuel to the piezoelectric injectors, which are electronically controlled by the Caterpillar-supplied
engine control module (ECM). The ECM utilizes a fuel delivery strategy that includes a primer
and 3 staged injections. Key engine geometry, performance and features are summarized in
Table 3.1. The original engine configuration only supported a post-DPF EGR and a standard
turbocharger design. The following sections will discuss the replaced VGT and high-pressure
EGR.
Table 3.1: 2007 Caterpillar C9 with ACERT Technology
In-line 6-Cylinder, 4-Stroke-Cycle Diesel
Bore (mm)
115
Stroke (mm)
149
Displacement (L)
9.3
Aspiration
Variable Geometry Turbocharged
Compression Ratio
18:1
Maximum Power
350 hp (261 kW)
Maximum Torque
1250 ft-lb (1695 N-m)
Operating Range (rpm)
1200 - 2200
Top Speed (rpm)
2250
Idle Speed (rpm)
800 (low), 1200 (high)
Electronic Supply Voltage
12 Volts
Fuel Injection
Variable Timing Direct Injection

3.2.2. Garrett Variable Nozzle Turbocharger
The test engine’s VGT was a model 3582 manufactured by Garrett. The variable
geometry on this turbo is a VNT type with swiveling vanes as seen in Figure 3.1. Table 3.2
contains pertinent information on the physical control of the VNT.
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Figure 3.1: Variable Nozzle Turbocharger

Table 3.2: Garret 3582 VNT
Vane Control Functionality
Solenoid-Actuated Oil Control Valve
Compressor Inducer Diameter (mm)
59.1
Compressor Exducer Diameter (mm)
82.0
Compressor Trim
52
Compressor A/R
.54
Turbine Inducer Diameter (mm)
72.5
Turbine Excuder Diameter (mm)
59.8
Turbine Trim
68
Turbine A/R
Variable (.58 to 1.12)
Turbocharger Polar Inertia (kg-m2)
.10906
Cooling
Oil Cooled

The VNT has a hall-effect speed sensor, an electronically controlled hydraulic vane
positioning actuator, and a vane position sensor (VPS), as shown in Figure 3.2. The hall-effect
sensor uses a magnetic pick-up signal from the turbocharger shaft to determine rpm. The VPS
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utilizes a 5V supply with a 0-5V feedback signal. The vane position control uses zero to one amp
current from a 12V supply to operate a solenoid that actuates the oil control valve (OCV). OCV
operation will be discussed later in this section. The VPS measures VNT vane positions by
sensing the rotation angle of the vane position sensor cam placed on the oil inlet pad surface. As
the actuator rotates the vanes, it also rotates the VPS cam. The VPS is a linear position sensor
that measures a cam displacement. As the cam rotates, the VPS measures position change
proportionally, therefore measuring VNT position as cam lift. The turbocharger position sensor
was calibrated for the experimental setup with the manufacture suggested procedure.

Figure 3.2: VNT Instrumentation Diagram

The OCV is a 4-way, 3-position valve. The OCV is spring loaded to a safe, open vane
position. This prevents turbocharger over-speeding. Figure 3.3 shows the schematic for the OCV.
The default position of the control valve opens the vanes, as previously stated. The second
position of the OCV maintains current vane position. The third position closes the vanes.
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Figure 3.3: OCV Schematic

Varying the supplied current using a PWM circuit, as shown in Figure 3.4, controls the
OCV solenoid position. The supply circuit includes a flywheel diode and a bypass diode to avoid
overpowering the OCV solenoid. The diagram shows the driver as commonly implemented in
factory ECUs, though the current ECU doesn’t have this configuration nor the ability to control
such a system. Therefore a custom PWM driver was built for integration with the SpeedGoat
controller.
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Figure 3.4: Low Side Driver with Current Sensing

The custom PWM circuit can be seen in Figure 3.5. The inner control circuit is isolated
from the outer power circuit by the opto-isolator and the DC to DC switch. The inner circuit
supplies the PWM to a logic level MOSFET. The opening and closing of the MOSFET then
switches the opto-isolator, which engages a secondary power MOSFET. The OCV is represented
as L1 in the figure while the flywheel diode is represented by D1. The timed 5 volt supply
represents an analog output from the controller. The timed output supplies power to the OCV
after the digital outputs of the controller are initialized.
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Figure 3.5: Custom PWM Driver with Opto-Isolation

Supply currents below one-half of an amp open the VNT vane position. As supply
current is added above one-half of an amp, the OCV gradually opens to close the VNT Vane
position. Oil supply pressure and temperature may affect OCV response and control greatly. All
tests in experimental procedure should occur with warm supply oil at 190ºF and roughly 50 psi.
At these conditions, response time from vanes fully open to fully closed is roughly 300ms. The
response time from vanes fully closed to fully open is roughly 100ms. Low oil pressure and
temperature deters VNT response time, therefore cold start up will add unnecessary complexity
to the testing and may be avoided.
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3.2.3. Caterpillar EGR Valve and Venturi Meter
The test engine’s high-pressure EGR loop is comprised of a cooler, an extended straight
section for fully developed flow, a venturi meter, a control valve, and a thermocouple. Figure 3.6
shows the layout of the HPEGR system.

Figure 3.6: HPEGR Loop Schematic

The venturi meter is comprised of an absolute pressure transducer, a differential pressure
transducer, and a downstream thermocouple for density calculation. The temperature
measurements were made with a K-type thermocouple monitored with a custom-built
thermocouple amplifier circuit. Both pressure transducers use a 5-volt supply and return a 0 to 5
volt signal. The absolute pressure sensor has an accuracy of ±10 kPa and a full scale of 33 to 600
kPaA. The differential pressure sensor has an accuracy of less than ±3 kPa throughout the sensor
range. The range of the differential pressure sensor is -10 to 60 kPa. The EGR valve is a
hydraulic-electric valve similar to the VNT. The valve incorporates a position feedback that
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controls oil flow to the actuator. A PWM signal is sent to the valve similar to the VNT to set
desired valve position. The valve is biased closed by a spring shut off EGR flow in the event of a
malfunction. The current range of the EGR valve is zero to one and one-half amps.

3.3. Heavy Duty Test Cell
3.3.1. Overview
Figure 3.7 shows an overall test cell schematic. The following sections will give an
overview of each of the independent test cell systems that support the research in the dissertation.
The systems include the AC Dynamometer and its controller, supply air for the testing cell and
engine, exhaust handling systems, process water supplies, emissions monitoring and fuel
regulation.
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Figure 3.7: Engine and Emissions Instrumentation Overview
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3.3.2. AC Dynamometer
The test cell is equipped with a custom-built 660HP AC dynamometer. This
dynamometer was designed to produce the low-speed torque characteristics necessary for heavyduty engine testing with a low-inertia, high-speed rotor that allows the system to also be used for
light-duty applications as well. It’s load curve, shown in Figure 3.8, indicates it is capable of
maintaining 2300 lb-ft of torque from 0 to 1490 rpm (constant torque range) and can absorb
650Hp from 1490 to 2500 rpm (constant power range). The dynamometer power absorption
capability then decreases linearly to 300 HP at 5000 rpm. (Dyne Systems Inc., 2014). It’s low
113.89 lb-ft2 inertia enables accurate transient control for light-duty applications. It is controlled
by a four-quadrant variable frequency AC drive that can obtain or supply power to the building
supply when motoring or absorbing, respectively, in either direction of rotation. The
dynamometer is configured and controlled using Dyne System’s Interlok 5 dynamometer
controller with which the user can interface directly or through a PC computer running their Cell
Assistant software. These will be discussed in detail in section 3.3.3.
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Figure 3.8: AC Dynamometer Map

3.3.3. Cell-Assistant, the Interlock V, DyneSystems DAQ, and Bypassing
This section describes the dynamometer control and general time-based test-cell data
acquisition as well as the options available to interface with them. Other analyzer-specific dataacquisition capabilities exist in the test cell; however, these are discussed within the sections
describing those instruments. Figure XX shows how the dynamometer control and data
acquisition components are configured. The dynamometer is powered and controlled by the
variable-speed drive, which is commanded by the Interlock V controller. The user can command
the Interlock directly or through an interface computer, which also integrates the time based data
acquisition hardware.
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The Interlock V has two channels that command the dynamometer through the VSD and
the engine ‘throttle’ actuator that provides a speed or load request to the engine controller. If the
dynamometer is designated to control shaft speed, then the throttle actuator will control load and
vice-versa. If the Interlock is put in slave mode, an external computer communicating through
Ethernet provides the operational set points. These can vary with respect to time to execute
programmed dynamometer/engine run schedules such as the FTP-75 and configurable transient
events. The Interlock V may also be run in master mode, in which the user inputs speed and
torque or actuator position directly on its interface. Both Interlok operational modes were used.
Initial start, warm up and calibration were typically performed interfacing directly with the
Interlok, while test patterns were executed through a program running on the external interface
computer.
Dyne Systems’ Cell-Assistant program was used to control the external interface
computer Cell-Assistant is written specifically for dynamometer control applications and allows
the user to design complex automated tests The program integrates the Interlock V (controller
interface), the C4 (DAQ panel), and the dynamometer controller.
The C4 data acquisition system is configured from Cell-Assistant. The C4 is a National
Instruments CRIO based data-acquisition system. It uses a local single-board computer running a
LabView program specially written to communicate with Cell Assistant and to control data
acquisition through a FPGA (Field Programmable Gate Array). The data acquisition includes
integrated pressure transducers and thermocouple inputs as well generic analog inputs and digital
inputs and outputs (DIO). The inputs and outputs of the C4 are configured to record and signal
once a test program is started. The analog signals are calibrated and the DIO signals are
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configured through Cell-Assistant. The thermocouples inputs are configured for K-type
thermocouples.
The combination of systems allows Cell-Assistant complete control over the operation of
the dynamometer and macro-operation of the engine. The test schedules applied in Cell-Assistant
may be implemented in .txt or excel files and allow for a wide variety of testing analysis.
However, for the present investigation, Cell-Assistant did not always have the functionality
required. Therefore, for certain tests, the Cell Assistant function was replaced with a custom
LabView application programmed specifically for this work.
The LabVIEW controller will be discussed in detail in section 3.10. The controller datalogs and instruments time synced processes for the purposes of transient testing in this
dissertation.

3.3.4. Ambient Air
The heavy-duty test cell has built in provisions for maintaining appropriate ambient
conditions, engine temperature and fresh, temperature and humidity controlled combustion air.
The building system is capable of delivering 36,000 SCFM of conditioned ventilation air to the
test cell. The test cell is set to roughly 15000 SCFM for the tests conducted. This ensures the
test-cell operating temperature consistently remains at approximately 22°C, which significantly
helps maintain the repeatability of the engine performance and the test equipment.

3.3.5. Process Water
Cool (max 80ºF) process water is supplied to the cell from a roof-mounted evaporative
cooler. This water is supplied in over-abundance to a shell-and-tube heat exchanger on the
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engine-test stand to remove heat from the engine coolant. The high rate of heat removal at this
heat exchanger allows the engine’s OEM thermostat to maintain proper and constant engine
coolant operating temperature.
The process water is also supplied to the intercooler and fueling system. The intercooler
uses the process water to maintain a low intake air temperature, which is monitored in the
DyneSystems C4 controller. The fueling system uses the process water to control fuel
temperature into the engine.

3.3.6. Engine Intake Air Supply
Fresh air is supplied through an oversized filter to a laminar flow element (LFE). A
differential pressure transducer across the LFE is recorded by the C4 system to monitor mass
airflow into the system. The LFE has an 8-inch line size and a nominal flow range of 2250
SCFM (63700 LPM). The pressure difference at this flow is 8 in-H2O and decreases linearly zero
flow. LFE pressure error is ± 0.86% of reading. The inlet of the LFE is supplied fresh, filtered air
from a building high-bay, which is temperature and humidity controlled and isolated from the
test cell ambient air.

3.3.7. Engine Exhaust Handling
After the turbine of the turbocharger, engine exhaust runs directly through roughly 12
feet of exhaust tubing. At the end of the initial exhaust tubing, interchangeable fixtures may be
used to direct the exhaust out of the building through a cell exhaust vent or into the full dilution
system. When configured for the full dilution route, a venturi may be added to the system for
measurement of exhaust volume and mass flow rate. The venturi is only fitted during full
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dilution due to geometric restrictions. The experiemental configuration was set up for full
dilution for use of the venturi.
The venturi was manufactured to ASME specifications. It has an intake to throat diameter
ratio of .75. This allows for a lower pressure drop across the venturi as compared to smaller
throat diameter ratios. The intake and exhaust slopes are 21 and seven degrees, respectively, as
specified by ASME for minimal flow disturbance. It is instrumented with absolute and
differential pressure transducers and a thermocouple. The absolute pressure transducer has a
range of 0 to 25 psi and accuracy better than ± .1% of the full-scale reading. The differential
pressure sensor has a range of 0 to 10 in-H2O and has ± 0.25% full-scale accuracy. The venturi
has a calculated accuracy of roughly 1% of the full-scale reading and has been calibrated against
the LFE discussed in Section 3.3.6. Applicable venturi fundamentals are provided in the
Appendix.

3.3.8. Fuel Regulating and Monitoring Equipment
Fuel conditioning and monitoring is accomplished with a Re-Sol RS474B-250 Mobile
Transient Fuel Measurement System. This system consists of two independent flow circuits with
a fuel supply pump and engine supply pump as shown in Figure 3.9. The inlet pump supplies
fuel to the Coriolis mass flow meter and the make up system, which contains the engine supply
pump. The engine return line may be rerouted to the engine in measurement mode or returned to
the fuel reservoir in purge mode. The fuel cart measures true mass consumption in the engine
with the mass flow supplied through the Coriolis meter. Temperature variations during transients
can cause fuel measurement errors as the fuel line and the fuel itself have different thermal
expansion coefficients and experience different rates of temperature change. This issue is
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exacerbated when the fuel lines are long. The Re-Sol system incorporates heat exchangers to
minimize the temperature fluctuations and is mobile so that it can be placed near the engine,
which minimizes the length of fuel lines with uncontrolled temperature. The Re-Sol system has a
flow measurement range of .25 to 250 kg/hr. The accuracy of the Coriolis mass flow meter is
.1% of reading. The sensor has a 10-90% response of less than a second.

50
psi

Supply Fuel

7
psi

20
psi

Supply Return

To Engine

From Engine

Figure 3.9: Simplified RS474B Fuel System Schematic

For the present work, the fuel was supplied to the engine at 22ºC and the engine highpressure fuel pump controls the injection fuel pressure. The transient fuel system measurements
are recorded at 10Hz via Modbus to a peripheral computer which runs the system control and
data-acquisition software.

3.4. Emissions Monitoring Equipment
This section describes each emission measurement analyzer utilized in this work. These
include both fast response and conventional analysis systems. The fast response systems are the
CLD 500 fast-response NOx measurement system from Cambustion, and the EEPS 3090 fastresponse particle sizer and counter from TSI. The conventional systems are the Nicolet Rega
6700 FTIR from Thermo Fischer and the 1065 compliant full dilution system with 5-gas bench,
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and mini-diluter with gravimetric PM collection system. The Dilution handling system supplies
diluted exhaust to the gravimetric particulate collector from Sierra and the 5-gas bench from
Richmond instruments.

3.4.1. Fast-response NOx
Fast-response NO and NOx measurement are made using the Cambustion CLD 500. Like
a conventional NO analyzer, the CLD 500 uses chemiluminescence to detect NO concentrations;
however it can do so with a 10-90% response time of 2 ms and a full response of approximately
5 ms. It has an optional NOx to NO converter to allow measurement of total NOx levels. The
addition of the NOx converter lengthens response time to roughly 10ms. System response should
be considered when making intra-cycle measurements or when evaluating fast transient events.
The chemiluminescence principle utilizes the light emitted during the reaction:

MN + N3 → MN + N + Q Rℎ8

(3-1)

The intensity of the light emitted is proportional to the reaction rate, which, with
appropriate flow rates through the reaction zone, is linearly proportional to the NO concentration
in the sample stream. A photo-multiplier tube detects the photons emitted and converts their
intensity to an electrical signal. The reaction is very rapid at the temperatures maintained in the
reaction chamber, so the measurement response is controlled by the flow rates to the chamber
and its volume.
Accordingly, the CLD 500 remote sampling head incorporates short, small diameter
sample transport tubes flowing at high velocities to a small-volume reaction chamber to facilitate
its fast response capabilities. Figure 3.10 shows the reaction chamber in the sampling head. The
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head is placed directly beside the engine allowing reaction to take place with minimal transport
of exhaust gases. The CLD 500 has 8 sampling ranges varying from 0-100 ppm to 0-20,000 ppm
and has a full-scale repeatability of +/- 1%. The optional NOx module includes a converter,
which consists of a stainless steel chamber maintained above 800 degrees C to convert NOx
species back to NO prior to analysis in the reaction chamber. The process has near 100%
conversion efficiency. The converter can receive interference from ammonia but this shouldn’t
be a problem in the present test program.

Figure 3.10: NOx Reaction Chamber

3.4.2. EEPS (Fast-Response Engine Exhaust Particulate Sizer)
The Engine Exhaust Particle Sizer (EEPS) 3090 is made specifically to rapidly measure
engine exhaust particle size and number spectra. It uses particle electro-mobility to quantify
particles from 5.6 to 560nm with a sizing resolution of 16 channels per decade and 32 channels
total. Instruments using the electro-mobility measurement principle separate PM based on size to
charge ratio after having imparted a known charge distribution on the particle population in a
sample stream flowing past a charged electrode. Figure 3.11 shows the path of PM through the
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EEPS electrometer chamber. The sample enters the instrument and first goes through a cyclone
to remove PM greater than 1µm. The sample then passes through an electrical diffusion charger
that imparts a well-characterized Boltzmann charge distribution on the particles. Particles then
enter the analyzer column with sheath air. The analyzer column has a stack of electrode rings
forming an outer cylinder and connected to a charge amplifier. The inner cylinder is connected to
a high voltage charge that creates a high voltage electrode. The resulting electric field pushes the
now positively charged PM toward the sensing electrodes. The more mass a particle has, the
farther it will travel down the chamber before it strikes an electrode, thereby separating and
counting the particles by size. The resulting data from the charge transaction is processed at 10
distributions per second. Figure 3.12 shows EEPS particulate concentration count versus the
3010D condensation particle counter (CPC) from TSI. The CPC measures concentration very
accurately and is used as the baseline in the study. The EEPS measures particulate concentrations
within 0.9782 root mean squared of the CPC with concentrations of PM larger than 23nm
(Ayala, Herner, & Huai, 2004).
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Figure 3.11: EEPS 3090 flow path and particle detection scheme.
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Figure 3.12: EEPS Particle Count Versus TSI 3010D

The exhaust sample is supplied to the EEPS using a thermal dilution system (TDS). The
TDS is used to (1) dilute and cool the sample in a manner representative of emission to the
atmosphere and (2) to dilute the particle sample concentration within the measuring range of the
EEPS. The TDS used here was manufactured by Matter Engineering and consists of 2 parts; the
rotating disk diluter (RDD) and the air supply/thermal conditioner (ASTC)
The RDD is made specifically to dilute exhaust gases containing particles ranging from
10 to 1000nm (Matter Engineering AG, 2006). The RDD utilizes hot dilution in a temperature
range of 80 to 150 degrees C to keep aerosols above the dew point and to avoid nucleation.
Nucleation leads to inaccurate particulate counting and sizing. The RDD draws exhaust through
a heated rotating disk that mixes it with conditioned air from the ASTC. The disk used may have
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8 or 10 spherical indentions, which control volume flow of raw exhaust. The dilution of the
exhaust is controlled by disk rotation speed and disk selection. Higher rotating speeds and larger
indentions in the disk allow more exhaust to mix with the air, therefore lower exhaust dilution
rates. Total concentration count is calculated by multiplying the resulting concentrations by the
dilution factor. The dilution factor (DF) is calculated as:

TU =

%<º0>•X
Y5Z<%>

(3-2)

where, f(ºC) is a functional value dependent upon the temperature of the rotating disk, pot(%) is
the potentiometer setting that controls the rotating disk speed, and X is the disc calibration factor.
The disc calibration factor is identified for each disk supplied with the instrument.
The ASTC generates and supplies 1.50 lpm of calibrated dilution air to the RDD. An
evaporative tube heats the diluted exhaust to 400ºC to remove volatile particles. The ASTC has a
secondary dilutor that can further increase the dilution ratio by a factor from one up to eleven. A
secondary dilutor allows for higher gas flows to instruments that require higher flows. The
dilution air is kept above the dew point of the water vapor. Crossing the dew point will cause the
water vapor to condense and nucleate with the PM compounds. After nucleation occurs, the total
concentration of PM will be reduced due to agglomeration of several smaller PM into larger PM.
Even if the sample is heated to remove condensation, the sample itself will have been altered to
an irreversible state. Therefore, the ASTC is used to combine sample gases with hot dilution air
that will not cause nucleation in the final state.

77

3.4.3. FTIR
A Nicolet REGA 6700 FTIR from Thermo Scientific was used to analyze engine exhaust
species not detected by the standard emissions equipment. The FTIR analyzes the infrared
absorption properties of chemical bonds to identify and quantify substances in the exhaust
sample. The actual number and types of species the system can detect depends on the analysis
method implemented in the system. The method that will be used in this work can identify 22
different substances, including low C number HC species and N2O. Post analysis of the FTIR
system allows concentration measurement of 5 compounds per analysis. Multiple post-analyses
may be used to identify concentrations of each of the calibrated substances.
The FTIR exposes the exhaust sample to broadband infrared light conditioned by a
Michelson interferometer and determines the absorption characteristics as a function of
wavelength. Interferometers create an interference pattern on the viewing screen, as shown in
Figure 3.13.

Figure 3.13: Interference Pattern (Allen, 1998)

The FTIR, with a broadband light source, uses this concept to create an interferogram. A
spectrum is then created from the interferogram via a Fast Fourier Transform, as seen in Figure
3.14. Exhaust spectrums are recorded and compared to a background spectrum of pure N2. The

78

difference between the spectrums defines percent absorption. The absorption patterns are then
used to identify substances and substance concentrations.

Figure 3.14: Fourier Transformation to Absorption Spectrum (Pol, 2013)

The FTIR is specifically designed to move the interferometer quickly and accurately in
order to provide high resolution and fast frequency response. It is capable of recording 95 scans
per second and is calibrated to within 2% accuracy of the current program.

3.5. EGR Meter
An ECM (Engine Control and Monitoring) EGR 5230 UEGO-based fast response EGR
meter was used to measure instantaneous EGR rates and equivalence ratio. The EGR 5230,
shown in Figure 3.15, is comprised of: central processing unit, two pressure transducers, two
receiving modules, and two O2 sensors. The EGR meter monitors EGR flow rates by accurately
measuring the oxygen percentages in the exhaust and intake manifolds. The oxygen sensors are
calibrated with a percent mass calculation of the present ambient air. The percent mass oxygen
calculation requires the current barometric pressure, relative humidity, and temperature. All of
these variables are supplied by the local weather station or in house instrumentation. The O2
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sensors compensate for varying pressure range and the system responds on the order of 150ms.
The pressure sensors accompanying the EGR meter are factory calibrated and certified. The
system calibration will be verified by a CO2 flow rate count in the intake manifold and the
exhaust performed by the FTIR. A control valve has been placed to route sample to the FTIR
from the intake manifold or the exhaust. The verification process will require constant EGR flow
rate, engine speed and torque during the verification process. The EGR 5230 has an accuracy of
± .5% of absolute EGR readings.

Figure 3.15: ECM EGR 5230

3.6. Engine Control
Engine control was accomplished by integrating several different systems. The OEM
Caterpillar engine control unit (ECU), CANape controller area network (CAN) bus device and a
SpeedGoat real-time controller are the main instruments for engine control. Some preliminary
measurements used an open source microprocessor. The black arrows in Figure 3.16 shows the
physical control paths used in the dissertation. The dashed lines show another possible control
path with CANape integration.
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Figure 3.16: Physical Control Layer Design

3.6.1. ECU
The engine ECU controls the majority of the engine operation. This includes fuel
injection (duration, sequence, and timing), pumping controls, and various other engine functions
and monitoring. The ECU does not currently support the VNT or the EGR, since they are not
factory-installed devices for the engine configuration supplied to us. The ECU is the standard
module shipped with the factory engines and can be monitored via Caterpillar proprietary
software called Cat ET (Engine Technician) and CANape.
Cat ET has some limited ECU writing and control configuration functions and is mainly
used by Caterpillar technicians to perform engine diagnostics or configure the controller for
particular applications. Cat ET was used to monitor engine oil pressure, oil temperature, and
coolant temperature in some cases, though it was not constructive in this dissertation.
CANape uses the CAN bus protocol to communicate with the ECM for calibration, data
acquisition and simulation purposes. A CAN bus is connected to the CANape host computer via
a Vector supplied CAN to USB interface. The host computer then runs the CANape software,
which uses an ECU configuration file (.A2L) and project file designed to enable communication
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with the specific ECU. From CANape, some ECU parameters may be recalibrated and some
ECU parameters may be monitored as configured in the .A2L file. Caterpillar provided the .A2L
based on a non-disclosure agreement. Access to the ECU is limited per their .A2L file
configuration to protect the portions of their calibration not relevant to this work.
CANape provides access and allows recording of many important engine operation
parameters. Table 3.3 lists the most essential parameters monitored or controlled through
CANape for this dissertation. Each parameter is set for signal acquisition upon a triggered event.
In this case, the event occurs every .015 seconds. This is the fastest frequency available with the
cycle rate of the system.
Table 3.3: CANape Inputs and Outputs
Signal
Monitoring or Controlling
Engine Speed Requested (rpm)
Input
Engine Speed (rpm)
Input
3
Fuel Injection per Cycle (mm )
Input
Estimated Fuel Flow (g/min)
Input
Intake Boost Pressure (kPa)
Input
Fuel Injector Shot Sequence
Input
Start of Injection Pressure (MPa)
Input
Fuel Rail Pressure (MPa)
Input
Main Injection Timing (deg)
Input
Pilot Injection Timing (deg)
Input
Estimated Mass Air Flow (kg/hr)
Input
Turbocharger Speed (rpm)
Input
Turbocharger Position Command (Frac)
Input
Oil Pressure (kPa)
Input
Coolant Temperature (°C)
Input
Turbocharger Speed (rpm)
Output
Fuel Injection per Cycle (mm3)
Output

CANape is a useful tool for setting the program directives of the ECU but may be more
difficult to use in the prototyping stages. For this investigation, the ECU control of the VNT and
HPEGR was diverted to the SpeedGoat rapid-prototyping controller. Once an open loop control
of VNT and HPEGR is established, CANape may be used to calibrate current ECU control
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schemes for stand-alone VNT and HPEGR closed loop control by the engine either directly or
indirectly. Direct control may be configured from the engine ECU with CANape configuration.
CANape may indirectly control the VNT and HPEGR through the Speedgoat via Ethernet or
CAN connection. Each possible configuration will be discussed in more detail in the Appendix.

3.6.2. SpeedGoat
SpeedGoat is a Swiss manufacturer of real time computing equipment. A SpeedGoat realtime target machine (RTTM) was used to operates as a rapid prototype controller for this
investigation. This machine utilizes a real-time operating system (RTOS) and is interfaced
though a host computer. The host computer may be any Windows or Linux PC with MATLAB
and Simulink. The RTOS is initially booted with a configurable disk image containing the BIOS
and Kernel to be run. Each SpeedGoat system may be assigned specified addresses and calls for
synchronous utilization. Once booted, the target machine may be re-programmed at anytime
allowing for fast field prototyping. The SpeedGoat control may be programmed in Simulink with
the assistance of a C compiler provided by several sources. Once the Simulink model is built in
the compiler, it is quickly loaded in the stand alone RTOS. It should be noted that, though the
model is built in Simulink, the SpeedGoat is run in external mode; therefore, only pre-assigned
configurable variables may be changed during a run. The base computer may run CANape and
use the SpeedGoat for fast prototyping with a standard ECU interface. This is a very valuable
technique and will be discussed in the Appendix.
The RTTM has two I/O banks. Each bank has various FPGAs. One bank’s I/O cores
include: pulse train interface (PWM generation and capture, interrupt, negation), absolute and
incremental encoder measurement and simulation (quadrature decoding and synchronous serial
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interface), and a bank for communication. The other I/O bank contains: 32 analog inputs (16 if
differential), 4 analog outputs, and 16 Digital I/O channels. The SpeedGoat will directly monitor
the specified signals in Table 3.3. The RTOS is programmed for sample rate at 10,000 Hz, and
all signals have been recorded at 100 Hz.
A more comprehensive summary of the controls systems implemented for the dissertation
is provided in the Appendix. A detailed description of the EGR and VNT actuation control
systems is provided in Section 3.8.
Table 3.4: SpeedGoat Inputs and Outputs
Signal
Input/Output
VNT Actuator
Output
VNT Position
Input
EGR Venturi Absolute Pressure
Input
EGR Venturi Differential Pressure
Input
EGR Venturi Temperature
Input
EGR Actuator
Output
Exhaust Venturi Absolute Pressure
Input
Exhaust Venturi Differential Pressure
Input
Exhaust Venturi Temperature
Input
Exhaust Fast NO
Input
EGR Meter % Mass
Input
Laminar Flow Element
Input
Engine Speed
Input
Engine Load
Input
5 V Power supply
Output

3.7. HPEGR and VNT Embedded Control Design
The HPEGR and VNT controllers have been designed for testing robustness, ease of use,
accuracy, and the ability to upgrade the designs in the future. For the dissertation, the controllers
were left as semi-open loop with the ability to control in closed loop.
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3.7.1. VNT Embedded Control Design
Figure 3.17 shows the overview of the VNT controller. The closed loop control of the
VNT accepts a position request from the user. The position request is compared to the real-time
position of the VNT, as supplied by the VNT position sensor. The position error is then sent to a
current demand PID to calculate the current required by the VNT solenoid. In three stages, the
current requested value is converted to a requested PWM value, the PWM value is converted to a
32-bit unsigned integer for the SpeedGoat PWM clock, and then to the digital output at the
SpeedGoat IO311 board.

VNT Position
Request

+-

Current (I)
PID

Current (I)
to
PWM (frac)

PWM (frac)
to
Uint_32

Digital
Output

VNT
Position
Figure 3.17: VNT Controller Overview

Stage one uses an empirically built map to convert requested current to a fractional PWM value.
As mentioned previously, pulse width modulation (PWM) is used to open and close the circuit
quickly, effectively varying current through the circuit by modulating duty cycle and frequency.
The map was built by measuring the current produced in each circuit when a given PWM was
supplied. The current was measured with a 6 and ½ digit multimeter with .08% of reading plus
.01% of range accuracy. The resulting PWM value requested is converted to an unsigned 32-bit
integer as required by the SpeedGoat specific PWM Out block. The SpeedGoat PWM block is
essential a counter block that counts for a predefined PWM period, and the unsigned integer
requested is the clock value at which the PWM signal is sent low or high depending on block
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configuration. The 32 bit Unsigned Integer value assigned to the SpeedGoat PWM block is
calculated from the PWM using:

\;] R;^_ `;8^R^ = <abc%

(

> ∗ <abcY

d5 ,e Z

− 1> .

(3-6)

Here, PWMfrac is the input pulse width fraction (or duty cycle?) requested by the current
converter block, and PWMperiod,set is an integer value equal to the number of processor clock
cycles per half of one PWM full cycle period. This is calculated using:
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(3-7)

Where, Clockfreq is the processor clock frequency, which equals 33 MHz for the system used in
this study, and PWMfreq is the user-specified PWM frequency. The PWM frequency influences
VNT position response and stability. Trial and error demonstrated 20 kHz to be a good
compromise between these performance characteristics.
Because of the VNT actuator response, as described in Section 3.2.2., the PID controller
of the VNT current supply works in an unorthodox manner but allows for very accurate transient
response of the VNT position. The integral value is initialized to an estimated stationary current
request for the VNT (roughly .55 amps). Therefore, the proportional gain is much stronger than
the integral and derivative and is the driver of the output PID value. The derivative is very small
in comparison, and therefore only affects operation in extreme conditions. A more detailed
controller overview can be found in the Appendix.
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3.7.2. HPEGR Embedded Control Design
A purely open-loop strategy with hysteresis compensation was used to control the
HPEGR valve position. This is in contrast to the VNT strategy, which had an actuator position
feedback signal to close the loop. However, similar to the VNT actuator position, the valve
position was manipulated by a PWM signal generated by the SpeedGoat. Figure 3.18 shows the
position request as defined by the user and the complete open loop design of the HPEGR. The
open loop strategy was chosen because the HPEGR valve has no built-in position feedback
functions and adding such would be physically difficult. However, other than the hysteresis, the
actuator and valve response is very linear with a short physical time constant. Therefore, the
open-loop strategy, while not particularly robust, adequately fulfills the requirements of this
investigation so long as appropriate compensation for the hysteresis is included. The PWM
values resulting in valve liftoff and a fully open valve were determined empirically and used to
create a Position to PWM map.

HPEGR
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Hysteresis
Compensation
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PWM (frac)
to
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Figure 3.18: HPEGR Controller Overview

Two feedback strategies were considered. For one design, requested EGR % Mass was
compared to a real-time calculated EGR % Mass and the resulting error was used to drive a
Current PID block similar to the VNT controller. The other design implemented a similar
method with an EGR Loop Mass Flow Error derived from Requested EGR Loop Mass Flow and
Calculated EGR Loop Mass Flow from a venturi placed in the HPEGR loop. Though accurate
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control was possible with each design, transient control optimization was difficult. The transient
control of EGR mass flow or percent mass added another element of difficulty to the dissertation.
The original EGR valve position control was chosen to simplify the dissertation control strategy
and improve the repeatability of the experiment.

3.7.3. Synchronous Control of the HPEGR and VNT
A timing block controls the positions of the HPEGR and VNT in the real-time control
system. The block may be triggered at the start of a test. The trigger results in an executed
integral function that acts as a timer for the control of the HPEGR and VNT. The time value is
sent to an XY Map and a resulting position request for each valve is created. The same block
allows for a Multi Input Multi Output control block that may control VNT and HPEGR position
with respect to each other but the design is outside the scope of this work. A detailed description
of the block can be found in the Appendix.

3.8. Testing Facility Data Acquisition
The purpose of this subsection is to give a full overview of the how the previously
described data acquisition components are integrated in the Heavy Duty Test Cell (HDTC). The
five primary data acquisition systems in the HDTC are the SpeedGoat, LabVIEW, CANape, and
the EEPS program. The data acquisition systems are also synced using their respective engine
speed measurements. The speed sync is implemented with a speed gain and loss at the beginning
and end of each test used as a trigger. The acquired signals are presented at 10Hz in the
dissertation results. The increase frequency in some units allows for increased resolution and
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improved statistical accuracy of the results. A splined interpolation function was used to convert
the signals acquired at a faster rate to signals to 10Hz.
As previously stated, SpeedGoat is a real-time machine that allows fast computing,
recording and controlling. All of the I/O data processed by the RTOS was recorded at 100Hz.
This is the fastest of all the continuous data acquisition systems. In some cases, data acquisition
occurred at 10,000Hz. This speed was deemed out of scope for this work.
A LabVIEW program was developed to interface with the DyneSystems C4 CRIO
system discussed in Section 3.3.3. This program records analog input data and outputs digital
signals that synchronize other data-acquisition systems being used in the investigation. It is also
capable of interfacing with other equipment through Ethernet serial communication. In
particular, this program was configured to control and record from the Re-Sol transient fuel
system discussed in 3.3.9. The input signals recorded with the C4 are all generally low-frequency
and are therefore recorded at 10Hz. These signals include engine temperatures such as exhaust
port, intake and coolant, instrument pressures such as the absolute and differential pressures
across the intake LFE and exhaust flow venture as well as make-up fuel flow from the transient
fuel system coriolis meter.
The CANape program recorded selected signals from the Caterpillar ECU at 66.67Hz.
These parameters were previously identified and discussed in Section 3.7.1. The ECU monitors
desired engine speed and true engine speed throughout the tests. True engine speed is a
measurement of the real engine speed and desired engine speed is the requested engine speed
from the accelerator position. Desired engine speed may show an immediate reaction to fueling
requests during transients. Though, true engine speed must be used to time sync data recorded in
CANape with the other data acquisition systems.
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The Combustion Analyzer records data with a half-degree resolution. The Combustion
Analyzer data is produced cyclically and is typical investigated separate from the continuously
recorded data. Although, speed is also recording the Combustion Analyzer cyclic measurements
and a conversion could match each cyclic event to a corresponding continuous measurement
from other instruments. An addition triggering digital high value was recorded at the beginning
of each transient event to assist with time syncing. This will be discussed in Section 3.10.
The EEPS system has self-contained data acquisition which records the data from each
test session to an Excel file. The Excel file is appended for multiple runs of the same session.
The data include particle number versus size spectra recorded at 10Hz. An assumed particle
density is used to convert to mass spectra. Both the size and mass spectra are integrated in realtime to produce continuous total particle number and mass values. Since the engine speed is not
recorded by the EEPS it was synchronized using an external trigger from the C4 system. The
transient data syncing for the EEPS will be discussed further in the following section.

3.9. Test Synchronization
Accurate test synchronization is essential for analyzing transient engine performance.
The various test systems used within this investigation were synchronized using a combination
of external digital triggers, time triggers and recorded engine speed matching. Figure 3.19
provides a useful flow diagram to follow the synchronization implementation used in the testing.
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Cell Assistant Test Begin
Digital Triggers Sent from the C4

Trigger
Received
EEPS

Trigger
Received
SpeedGoat

EEPS
Recording Begins

Trigger
Received
Comb. Anl.
Digital
High Recorded

HPEGR and VNT
Control Scheme Begin
Figure 3.19: Synchronization of Testing Systems

The sync begins with the test start sequence in Cell-Assistant. Cell-Assistant controls the
engine and dynamometer schedule and is the natural choice for the data recording automation
start point. The LabVIEW program controlling the C4 and fuel system monitors the output from
the Interlock V. Once the correct sequence is detected? by the C4, it sends corresponding digital
signals to each of three systems in a timed loop. The signals are immediately sent to the EEPS
and SpeedGoat, while the signal to the Combustion Analyzer is delayed until the transient event
is started.
The subsequent systems then begin an internal process initiated by each digital signal.
The EEPS begins data recording as discussed in the previous section. The SpeedGoat then sends
internal high signals to the clock controlling VNT and HPEGR position as well as an override
that flips control from standard position requests to the position requests from the transient
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control block. The clock is now synced to provide proper VNT and HPEGR position request
throughout the transient event. The Combustion Analyzer simply records the digital high signal
at the beginning of the transient event for post-processing of the data.

3.10. Experiment
The goal of this research was to improve the diesel engine’s fuel consumption, NO
emissions, and particulate emissions during transient operation through the analysis and
optimization of the HPEGR and VNT transient control strategies. The focus of this analysis and
optimization was on the simultaneous interaction between the HPEGR and VNT control systems
during these transient events. The simultaneous control strategies were investigated in two
phases. In the first phase, the optimized HPEGR and VNT temporal actuation profiles will begin
simultaneously with the fueling change which initiates the transient operation change. In the
second phase, the benefits of advancing the actuation profiles relative to the fueling change will
be investigated.
The optimal VNT and HPEGR actuation profiles were developed in five steps: (1) The
EGR and VNT settings were optimized relative to NO, particulate and fuel consumption at 6
steady-state speed and load points. (2) A simple, open-loop control strategy was created for EGR
valve position and VNT vane position. The control strategy attempted to maintain the optimum
steady state HPEGR and VNT positions determined in step 1 during the investigated transient
events. Three such events were investigated: a constant-speed load change, a constant-load speed
change, and a simultaneous speed and load change. The starting, intermediate and end points of
these events corresponded to the steady state operating conditions optimized in step 1. (3) The
ramp rate of each transient was then varied to investigate effect on fuel consumption, particulate
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and NO production. (4) Various, complex control strategies for the VNT and HPEGR were
investigated during a two second load acceptance and a two second speed increase. (5) Optimum
transient control strategies were then identified and a time-advance control strategy was applied
to each with different methods. Following the synchronized start investigation, the time
advanced control strategy was investigated only with the load acceptance transient. The HPEGR
and VNT actuation profile that was deemed the best for the synchronized start was advanced
relative to the transient fuel response in 0.1 second increments up to a maximum .5-second
advance. Five other actuation profiles were also investigated with a 0.2 second advance.
Figure 3.20 illustrates the three transient events relative to the load capability map for the
test engine. The engine map was created with the engine mapping feature in Cell Assistant. The
program runs a transient test, which speeds the engine to maximum operating speed by applying
full request with the load applicator position. The dynamometer then forces the engine to the
beginning operating speed by overloading it. Once at the beginning operating speed, the
dynamometer then allows the engine to increase speed incrementally. The engine is applying full
load throughout the operation. The load is measured at every speed increment until maximum
speed is met. The resulting map indicates maximum loading throughout the engines operating
speed.
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Figure 3.20: Transient Events and the Engine Map

The exact transient event beginning and ending points were chosen from common events
seen in the Non-Road Transient Cycle (NRTC). All three transient events are observed in the
cycle. The simultaneous speed and load increase starting and stopping points were chosen as
minimum and maximum repeatable speeds and loads for the test. The event transitions from
~15% load at high idle speed to ~80% load at 80% operating speed. The load application and
speed application were chosen to support and simplify the simultaneous load and speed increase,
though these independent processes do have their justifiable presence in the experiment. Industry
experience suggests that constant speed load acceptance is a common transient event in field use
and constant load accelerations can be seen as well (Donaldson, 2015).
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3.10.1. Steady State Mapping (Part 1)
Steady state mapping of the optimized HPEGR and VGT positions was performed at
several speed and load points along the transient event previously selected. Figure 3.21 indicates
the operating points chosen for optimization. These points include the beginning and ending
operating points of the transient events chosen for study as well as three intermediate points. The
optimum position of the HPEGR and VNT was then interpolated between the points. Instead of
interpolation, many more points could be chosen through the entire transient. The interpolation
results will be discussed in the results section. The interpolation provides a compromise between
an unnecessary number of testing points and a discretized control strategy. The results will show
the three nodes interpolation produces a smooth and consistent transition between the beginning
and ending operating points.
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Figure 3.21: Steady State Operating Points for HPEGR and VNT Optimization

HPEGR and VNT positions were independently varied while the speed and load were
held at the values identified above point assigned. The HPEGR valve was swept from a closed
position to either a completely open position or the most open position that allows stable engine
operation. The VNT position was swept from completely open to the most closed position, which
doesn’t cause over-speed or surge and doesn’t recognizably produce extreme fuel consumption
due to pumping losses caused by high exhaust backpressure.
Each EGR and VNT position at each steady state point was stabilized and data was
recorded for at least 2000 cycles. The results were statistically analyzed and a mean value was
found for each signal. The physical dynamics of the resulting steady state mean value of each
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signal must be considered. Although dynamic engine parameters such as fresh airflow, engine
speed, and EGR mass flow may stabilize within 20 seconds, engine thermal characteristics may
stabilize over longer time scale. These time scales reflect the various thermal masses that
control engine components and flow temperatures and the energy balances associated with
them. For example, in-cylinder conditions are controlled by the inlet flow, engine load and
the gas-to-wall interface. The dynamometer and engine controller may stabilize the speed
and load within approximately a second. Where as, the wall and inlet conditions are highly
influenced by the engine and intercooler coolant flows, for which the majority of the
response may take 5-10 seconds to stabilize with a very small longer settling component.
Cylinder conditions are the primary factor in indicated efficiency and emission
performance. However, other secondary factors are influenced by component
temperatures, which change over much longer time scales. Consider turbocharger
performance, where exhaust manifold temperatures and pressures affect turbine
dynamics. The exhaust manifold pressure may stabilize within a second of a transient
event, whereas exhaust manifold temperatures may take tens of seconds or minutes to
stabilize to a steady operating point. Therefore, gas inlet conditions to the turbine and the
turbine itself may show an initial stabilization, but the slower temperature stabilization
may cause the turbine operation to change over a longer time scale.
Figure 3.22 shows the cylinder one exhaust gas temperature measured in the exhaust
manifold for 200 seconds after the engine was transitioned from 1200 rpm and no load to 1200
rpm and 500 lb-ft. The “Steady State” temperature represents the temperature of the exhaust
manifold as the engine is held at a steady state operating point with respect to speed and load.
Though speed and load are stabilized quickly, temperature continually increases throughout the
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steady state hold and only begins to settle after several minutes of operation. The red line
indicates the exhaust manifold temperature measured at the beginning of a transient event test
with the same operating conditions. The engine was allowed to settle at the first operating
condition for 16 seconds before the transient event was engaged. The green line indicates the
“steady state” averaged exhaust manifold temperature in the same window that all other steady
state parameters are analyzed in. The difference in temperatures has shown an impact on the
intake manifold boost pressure achieved at the beginning of the transient events tested and the
steady state boost pressure. In some cases, boost pressure may be as much as 12% less than the
defined steady state value. The transient settling times do not affect BSFC. BSPM and BSNO at
the beginning and after the transient are typically within %25 of the defined steady state values.
The transient events themselves may produce %100 to %3000 percent changes in BSPM and
BSNO. Therefore, the long-term transient affects are much more stable and less influential over
emissions production.
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Figure 3.22: Exhaust Temperature of Cylinder One Taken at the Exhaust Manifold Entrance
versus Time

If long-term steady state operating conditions are used as a benchmark for the deviation
of transient emissions production and fuel consumption in the data analysis, it should be noted
conditions such as boost pressure and percent mass EGR flow rate may differ slightly. Therefore,
an intermediate time span may be necessary to create a baseline for transient performance
deviation. The intermediate time span between the short-term stabilization and long-term
stabilization must be considered the “steady-state” operating condition. The time span was at
least 1000 cycles for every operating point and ensured a stabilized value for each of the
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monitored parameters. Therefore the “steady state” data should serve as an appropriate reference
to determine the effects of transient events.
The refined steady state results of BSFC, BSPM, and BSNO were combined in the
optimization function. The optimization function used by Reitz and Montgomery reshown in
equation 3-8 was then applied to each VNT and HPEGR position setting at each operating point
(Montgomery & Reitz, 2000).
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The target values strongly influence the optimization function, so the logic supporting
their choice must be explained. BSNO and BSPM targets were selected with respect to the tier 3
EPA regulated emissions levels the test engine was designed to meet. The tier 3 standard for a
300hp engine limits NOx and hydrocarbons combined to 3.0 g/bhp-hr and PM to 0.15 g/bhp-hr.
Since the engine is not equipped with a DPF, emphasis is placed on the reduction of NO with the
assumption that a reasonably low BSPM could be reduced to acceptable levels by a standard
DPF. The target BSPM is for all speed load points is then 1.5 g/bhp-hr. Fast transient BSHC was
not available for this test, therefore a target value of 2.0 g/bhp-hr of NO was chosen to
compensate for additional HC production. A value of 180 g/bhp-hr was chosen for the BSFC
target at all speed and load points. The low target BSFC is an attempt to emphasis the reduction
of fuel consumption in the optimization calculation.
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3.10.2. Open Loop Control Design for Transient Events (Part 2)
The resulting optimized VNT and HPEGR positions for each of the steady state points
analyzed in the previous section were implemented in the corresponding transient events. The
event schedules vary according to transient type and the control of the VNT and HPEGR will
synchronously change with the event schedule. The VNT and HPEGR positions will not be
relative to speed and load. They instead only vary with respect to time. The timing of each event
is therefore predicted by schedule timing functions.
The control of VNT and HPEGR position with respect to time allows for greater variation
of position scheduling and more immediate response of the respective actuators than if a
conventional speed-load mapped look-up table were used to command the actuator positions
instead. The benefit of position scheduling will become apparent in sections that follow. The
proceeding paragraphs describe the specifics regarding applying the position scheduling and
engine speed and load control to each of the three events studied.
The green line in Figure 3.22 represents the load acceptance transient from 100 to 500 lbft at 1200 rpm. This event was executed using the dynamometer to control load while the ECU
controlled speed by appropriately adjusting fuel rate. A test sequence trigger implements the load
application by the dynamometer after 17 seconds of engine stabilization at the beginning of the
test. The requested load was applied at a designated ramp rate and the dynamometer PID
feedback will control true load application. In Section 3.12.3., load application ramp rate will
become much more apparent.
The speed increase transient, represented by the red line in Figure 3.22, is applied with a
similar method as the load acceptance. This event consisted of a speed increase from 1200 to
2000 rpm controlled by the ECU, while load was maintained at 500 lb-ft by the dynamometer.
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The engine and dynamometer are set 1200 rpm and 500 lb-ft, where they are allowed 30 seconds
to settle. The speed transient is then requested from Cell Assistant.
The speed and load increase transient is simply an implementation of the other two
transients in unison and is represented by the purple line in Figure 3.22 relative to the engine
map. The transient begins at 1200 rpm and 100 lb-ft and ends at 2000 rpm and 500 lb-ft. The
load is controlled by the dynamometer and the engine controls the speed.

3.10.3. Ramp Rate Effect on Transient Performance (Part 3)
Ramp rate effect on engine performance, fuel consumption and emissions production was
investigated in all three transient events. The affect of ramp rate was studied from a pseudo
steady state transient to the fastest stable transient that could be executed with this particular test
configuration, which was particularly influenced by the factory ECU calibration. The ramp rates
were conducted as a 10, 8, 6, 4, and 2 second transient, along with steady state evaluations of the
operating points along the transients. Therefore, the engine performance at the specified loads
and speeds with optimized VNT and HPEGR positions may be directly compared. Figure 3.23
illustrates the increased ramp rate applied with the load acceptance transient. The same method
will be used in each transient.
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Figure 3.23: Loading Rate Change Through Load Acceptance Transient Event

The steady state points include the speed and load points used in the optimization
procedure and 6 additional intermediate points. The additional points can be seen in Figure 3.24.
The blue diamonds are the additional steady state points for transient comparison, the red squares
are the initial steady state points used for VNT and HPEGR position optimization, and the blue
line is the original engine map. The steady state points along the transients will provide
understanding of how each increase in ramp rate forces the emissions and fuel consumption of
the engine to differ from an ideal steady operation. The resulting BSPM, BSNO, and BSFC
during the transient event may then be plotted versus load, speed, or both.
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Figure 3.24: Additional Steady State Operating Points for Transient Performance Comparison

3.10.4. Complex Control Strategies Effect on Transient Performance (Part 4)
The intent of the following section is to identify the optimized control strategy for VNT
and HPEGR position through the simplified speed and load transients. The speed increase and
load acceptance transients occurred in the same manner as the previous section, though all tests
were conducted with a 2 second event.
Ten control schedules have been designed for the speed and load transients. Table 3.5
shows the position of each schedule through the loading event. The time line indicates the
position within the transient event, with the transient event initiating at time equal to zero. Two
progressions were used with VNT control as well as HPEGR control. In tests one through five,
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VNT control was proportionally increased at intermediate points to and from the one-second
mark to the end points. The position at the one-second mark was slightly increased in each test.
The second progression, tests six through ten, attempted to accelerate the turbocharger early in
the event. This was an attempt to increase boost and mass airflow into the engine at the critical
operating points.
The EGR control was used to supplement the VNT control in each progression. In tests
one through five, EGR position closed progressively at the end of the transient event. In tests six
through ten, EGR position closed rapidly at the beginning of the transient. Both progressions
attempted to improve turbocharger reaction to the transients.
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Table 3.5: VNT and HPEGR Position During the Load Acceptance
Transient
Time
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
Test
VGT Position
1
25
28.75 32.5 37.25
40
41.25 42.5 43.75
45
2
25
29.25 33.5 37.75 41.25 42.19 43.13 44.06
45
3
25
29.5
34
38.5
42.5 43.13 43.75 44.38
45
4
25
29.75 34.5 39.25 43.75 44.06 44.38 44.69
45
5
25
30
35
40
45
45
45
45
45
6
25
35
45
45
45
45
45
45
45
7
25
35
45
55
55
55
55
45
45
8
25
40
60
60
55
52.5
50
47.5
45
9
25
50
60
55
50
45
45
45
45
10
25
60
60
57.5
55
50
47.5
45
45
Test
EGR Position
1
90
90
90
90
90
80
70
60
50
2
90
80
80
80
80
72.5
65
57.5
50
3
90
80
70
70
70
65.5
60
55.5
50
4
90
80
70
60
60
57.5
55
52.5
50
5
90
80
70
60
50
50
50
50
50
6
90
70
50
50
50
50
50
50
50
7
90
70
50
30
30
30
30
40
50
8
90
60
40
20
20
20
20
35
50
9
90
50
10
10
20
30
40
45
50
10
90
10
15
20
25
30
35
42.5
50

Table 3.6 shows the VNT and HPEGR position schedule through the speed transient.
Similarly to the load transient, two control progressions were implemented in the position
schedule of the VNT and the HPEGR. The primary difference between the control for the speed
and load transients is the optimal starting and ending points for the VNT position. In load
applications, the VNT position is required to increase to produce more intake manifold pressure
at heavier loads. In a speed increase, the VNT position must decrease to reduce backpressure and
avoid turbocharger over speed. Therefore, the VNT schedule transitions from closed to open
through the speed transient. In progression one, seen in tests one through five, the VNT was
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gradually held in the starting position longer to increase intake manifold pressure in the transient.
In progression two, the VNT position closed slightly at the beginning of the transient in some
tests and opened sharply at the beginning of the transient in others. Similarly to the load
transient, the EGR control schedule was used to support VNT actions by either opening
significantly to reduce turbocharger mass flow or closing rapidly to increase turbocharger turbine
intake pressure.
Table 3.6: VNT and HPEGR Position During the Speed Increase Transient
Time
0
0.25
0.5
0.75
1
1.25
1.5
1.75
2
Test
VGT Position
1
45
37.5
30
22.5
15
13.75 12.5 11.25
10
2
45
45
37.5
30
22.5 19.38 16.25 13.13
10
3
45
45
45
37.5
30
25
20
15
10
4
45
45
45
45
37.5 30.63 23.75 16.88
10
5
45
45
45
45
45
36.25 27.5 18.75
10
6
45
50
50
50
45
36.25 27.5 18.75
10
7
45
55
55
50
45
36.25 27.5 18.75
10
8
45
60
60
55
45
36.25 27.5 18.75
10
9
45
55
45
35
25
15
5
7.5
10
10
45
30
20
15
10
10
10
10
10
Test
EGR Position
1
50
40
30
20
10
10
10
10
10
2
50
50
40
30
20
17.5
15
12.5
10
3
50
50
50
40
30
25
20
15
10
4
50
50
50
50
40
32.5
25
17.5
10
5
50
80
70
60
50
50
50
50
10
6
50
70
50
50
50
50
50
50
10
7
50
70
50
30
30
30
30
40
10
8
50
60
40
20
20
30
30
20
10
9
50
50
10
10
20
30
40
45
10
10
50
10
15
20
25
30
35
42.5
10

3.10.5. Time-Advanced Control Design on Transient Performance (Part 5)
The final experimental component of the dissertation was the investigation of timeadvanced control strategies’ effect on fuel consumption and emissions production. Several of the
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transient control strategies for the load acceptance transient were applied with a .2 second
advance of the transient event. One of the control strategies was selected and was time advanced
in .1 second iterations to determine optimal time advancement. Figure 3.25 shows the
advancement of the tenth VNT control schedule from the null starting time to the full .5 second
advance. The dashed line in Figure 3.25 indicates the beginning of the transient event. The
advance was used as an attempt to supply the engine with excess fresh air that will negate PM
production at the beginning and throughout the transient event.

Figure 3.25: Incremental .1 Second Time Advancement of VNT Control Strategy
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4. RESULTS
4.1. Introduction
The following chapter provides the results of the previously discussed experiments. The
results will be presented in the same sequence as was used in the experimental section. The
evaluation and optimization of steady state operation is presented first. Then, the transient results
obtained using steady-state optimized VNT and HPEGR positions are presented and followed by
those obtained with transient VNT and HPEGR actuation sequences optimized for the selected
transient events. Finally the time advanced control strategy results will be shown.

4.2. Steady State Operating Points
The following section provides the results of the steady state optimization. Compete
details regarding fuel consumption and NO and PM production are provided from the 1600 rpm
and 300 lb ft operating condition. Results from the other operating points are summarized at a
higher level.. The results will be plotted in a three dimensional graph comprised of a percent
mass EGR flow X-axis, an intake manifold gauge pressure Y-axis, and the corresponding value
indicated in the Z-axis. The three dimensional scattered data is then used to create an interpolated
surface. The interpolated surface provides better understanding of the affects of percent mass
EGR and intake manifold pressure at each point. Once an optimization point is chosen from the
optimization surface, the EGR and VNT positions are selected. The resulting optimized table
will then be constructed.
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4.2.1. Steady State Emissions Production and Fuel Consumption
This section provides the details from optimizing the 1600 rpm and 300 lb-ft operating
point. The results of the remaining operating points will be contained in the appendix. Figure 4.1
shows the interpolated surface for brake specific fuel consumption at 1600 rpm and 300 lb-ft
load. The figure is color coded to indicate BSFC value throughout the contour. The measured
values, which the surface was interpolated from, are shown with the blue circles.

Figure 4.1: Brake Specific Fuel Consumption Varying with Percent Mass EGR Flow Rate and
Intake Manifold Pressure at 1600 rpm and 300 lb-ft.
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The NO and particulate production values were mapped similarly to the BSFC. Figure
4.2 shows BSNO and Figure 4.3 shows the BSPM at the same engine operating point as the
BSFC in Figure 4.1.

Figure 4.2: Brake Specific Nitric Oxide Produced with Varying Percent Mass EGR Flow Rate
and Intake Manifold Pressure at 1600 rpm and 300 lb-ft.
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Figure 4.3: Brake Specific Particulate Matter Production with Varying Percent Mass EGR Flow
Rate and Intake Manifold Pressure at 1600 rpm and 300 lb-ft.

4.2.2. Steady State Optimization Calculation
The optimization surface and contour in Figure 4.4 was produced from the three surface
maps shown in the previous section. The surface was calculated with the optimization equation
shown in equation 4-1. A detailed discussion of the optimization equation can be found in the
experimental section.
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Figure 4.4: Optimization of BSPM, BSNO, and BSFC at 1600 rpm and 300 lb-ft

The figure shows three maximum points, which indicates three separate optimizations.
The extreme optimization points must be ignored. The low boost, high EGR points reduce NO
production significantly but increase the PM production to an unallowable amount. The high
boost, low EGR rates reduce PM production but cause BSNO to exceed EPA limits. The
optimization occurring at roughly 20 percent mass EGR flow rate and 40 kPa intake manifold
pressure successfully reduces all three parameters without exceeding the emissions targets. The
HPEGR and VNT actuator positions were recorded through the optimization process; therefore,
the positions corresponding to the optimum operating point may easily be determined. This is

113

important, since the HPEGR and VNT were controlled strictly based on actuator position in the
transient testing. The optimum HPEGR and VNT positions were found with the same method for
each of the six operating points. Table 4.1 shows these optimized positions.
Table 4.1: Optimized Steady State HPEGR Valve and VNT Positions
VNT
Speed (rpm)
1200
1600
2000
HPEGR
Speed (rpm)
1200
1600
2000

100
25
-

Load (lb-ft)
300
40
30
-

500
45
15
10

100
90
-

Load (lb-ft)
300
90
20
-

500
50
10
10

The emissions production and fuel consumption were recorded for each of the steady
state points with their respective optimized EGR and VNT positions. This step was necessary for
all positions chosen, to ensure accurate BSNO, BSPM, and BSFC values for each of the
optimized positions. These values will become critical in the transient evaluations. The VNT and
HPEGR positions were interpolated for the intermediate points discussed in Section 3.12.3.
Emissions production and fuel consumption was also recorded at the intermediate points with the
interpolated optimized VNT and HPEGR positions.
Figure 4.5 shows the VNT and HPEGR positions at given loading values through the
load transient. Though the positions of the VNT and HPEGR are not continuous, the percent
mass EGR flow rate and intake manifold boost pressure are relatively consistent and continuous
functions. This continuous relationship between operating points suggests that interpolation of
HPEGR and VNT position between the operating points selected provides a good approximation
of the optimum positions throughout the transient.

114

Figure 4.5: VNT position, Intake Manifold Boost Pressure (kPa), HPEGR Valve Position, and
Percent Mass EGR Flow Rate at Load Points in the Load Acceptance Transient

Table 4.2 contains the full set of optimized positions throughout each transient event.
Each set is separated by transient event type.
Table 4.2: VNT and HPEGR Position at Each Step of Each Transient
Step 1
2
3
4
5
VNT 25 32.5 40 42.5 45
Load
HPEGR 90
90
90
70
50
VNT 45
30
15 12.5 10
Speed
HPEGR 50
30
10
10
10
VNT 25 27.5 30 22.5 10
Speed and Load
HPEGR 90
55
20
15
10
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4.3. Transient Ramp Rate Effect on Engine Performance
The optimized VNT and HPEGR positions chosen at each steady state point were applied
in each transient event. The application was initialized with a 10 second transient event and the
length of the event was reduced in 2 second increments to a final, 2 second, transient event.
The results from changing the ramp rate of the transient event will be shown in detail in
the following sections. The results will be provided with respect to each instantaneous operating
point’s BSFC, BSNO, and BSPM. Before the instantaneous operating points are provided, an
example time series plot will be used to better understand the data.
Due to the transport delays of exhaust, fuel delivery, EGR delivery, and intake manifold
boost pressures, the variables of faster events may lag further behind the operating point and
subsystem positions they were produced at than the slower events. That is, if the transport lag of
exhaust from the exhaust manifold, through the EGR, and to the intake manifold were to be
considered a constant 4 seconds, then the affect of that transport lag on the engine performance
will be more evident in a 2 second transient than a 10 second transient. The lag of the results is
not a flaw in time synchronization of events and recorded data, but a physical mass flow
challenge in the transient environment. Figure 4.6 illustrates the transport delays that may occur
during the different ramp rates of the simultaneous speed and load increase. The figure shows
varying amounts of EGR and boost pressure over time with the change of ramp rate. Peak EGR
rate occurs at roughly 1.3 seconds after the start of the event for the 2 second transient, whereas
the peak EGR rate of the 10 second transient occurs at 3.6 seconds after the start of event. That
is, the 2 second transient has peak EGR at 31% of the loading transient and the 10 second
transient has peak EGR at 28% of the loading transient. This shows peak values and shapes of
the EGR response are similar, but the values at any given moment in the transient event may not
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conform directly to transient operating point. This is the inherent difficulty of controlling for a
transient event and what this dissertation attempts to improve.

Figure 4.6: Intake Manifold Boost Pressure and EGR Percent Mass Flow Rate During the
Simultaneous Speed Increase and Load Acceptance Transient Event

Figure 4.7 shows the EGR rate and intake manifold boost pressure with respect to
operating point in the simultaneous speed and load transient. As the transient events shorten, the
intake manifold pressure decreases with respect to load. This is due to the transport delays from
the turbocharger to the intake manifold. As shown in Figure 4.6, these delays are not as
noticeable in the slower transient events. Similarly, the percent mass EGR rates in the later half
of the transient event decrease as the transient event ramp rate increases. This is due to the speed
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increase during the event. The sharp increase in fresh mass airflow, due to increase engine speed,
combined with the transportation lag of the exhaust from the exhaust manifold to the intake
manifold, due to passage restriction and low exhaust to intake manifold pressure differentials,
causes the percent EGR rate to drop from the steady state values. With the understanding that
fluid transport may cause delays in consumption of fuel and production of emissions, the results
may be corrected and plotted versus operating points to provide a better understanding of the
nature of the transient events.

Figure 4.7: Intake Manifold Boost Pressure and EGR Percent Mass Flow Rate at Loading Points
During the Simultaneous Speed Increase and Load Acceptance Transient Event
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For example, the effect is minimal in fueling data but will be more noticeable with
emissions production. Figure 4.8 shows the fuel consumption predicted from the injection
duration and fuel rail pressure for the simultaneous speed-load transient series. The peaks of
mass fuel flow are easily distinguishable in the figure and are directly relatable by operating
point. This shows the practically instantaneous transient response of fuel consumption.

Figure 4.8: Raw Fuel Mass Flow with Time during the Simultaneous Speed Increase and Load
Acceptance Transient Series

Figures 4.9 and 4.10 show emissions production during the simultaneous speed increase
and load acceptance versus time. In these two figure the transport delay becomes much more
apparent. Although the transient values versus time provide significant information for the
transient events and how to better control them, the results in the following sections will be
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presented in brake-specific format versus speed and load. As shown in Figure 4.7, the brake
specific values versus operating points allows for a better quantification of the results which
provided better guidance of how to optimize the VNT and HPEGR control. The raw production
versus time will be supplied in the appendix for all transient events.

Figure 4.9: Raw NO Production with Time During the Simultaneous Speed Increase and Load
Acceptance Transient Series
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Figure 4.10: Raw Particulate Production with Time During the Simultaneous Speed Increase
and Load Acceptance Transient Series

4.3.1. Load Acceptance Effect on Emissions Production and Fuel Consumption
Figures 4.11 and 4.12 show the EGR rate and intake manifold boost pressure throughout
the load acceptance transient. The EGR rate shows two different inflections during the this event.
Initially the EGR rate falls during the faster transient events and then increases at the end of the
transient. The initial transient EGR percent mass values are noticeably different than the steady
state value. This 7% EGR mass flow rate difference is due to the prolonged stabilization of the
steady state data as discussed in section 3.10.1. EGR percent mass is a function of the total flow
into the intake manifold and EGR mass flow, where the total flow is the denominator and EGR
flow is the numerator. Therefore, low total mass flow rates may cause the percent mass value to
vary by as much as 5% at steady speeds, loads, and EGR mass flow rates. This is because of the
lower denominator value. The percent mass EGR values are much more steady at higher total
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mass flows. This effect is shown in Figure 4.11 where the 100 lb-ft loading point has lower total
mass flow and the 500 lb-ft pint has higher total mass flow. Intake manifold boost pressure has a
clear progression. The boost pressure drops farther from the ideal boost pressure as transient
events increase in speed. The transient boost pressures vary significantly from the steady state
boost pressure at the 500 lb-ft loading point. This is a common occurrence in the transient event
data. The steady state points were allowed a significant amount of time to stabilize as compared
to the transient points, and during this stabilization, exhaust manifold pressure continues to rise
slowly. The notable difference of the ending boost pressure values are another indication of the
effect transient events have on engine performance as stated in the experimental setup.

Figure 4.11: EGR Percent Mass Flow Rate Versus Load During the Ramp Rate Sweep of the
Load Acceptance Transient
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Figure 4.12: Intake Manifold Boost Pressure Versus Load During the Ramp Rate Sweep of the
Load Acceptance Transient

Figure 4.13 shows the brake specific fuel consumption versus load for the load
acceptance transient. Increase of transient speed in load applications has a clear negative impact
on brake specific fuel consumption throughout the transient event. Figures 4.14 and 4.15 show
the brake specific nitric oxide and particulate matter production differences between ramp rates
in the load acceptance transient. Just as EGR rates varied through the transient event, as does NO
production. Faster events have a slight increase in NO followed by a sharp decrease, while the
opposite occurs for the slower transient events. PM production is much higher during the fast
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transient events. At the 400 lb-ft, 1200 rpm operating point, the two-second ramp rate PM
production was 87 times higher than the steady state production.

Figure 4.13: Brake Specific Fuel Consumption Versus Load for the Ramp Rate Sweep of the
Load Acceptance Transient
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Figure 4.14: Brake Specific Nitric Oxide Production Versus Load for the Ramp Rate Sweep of
the Load Acceptance Transient

Figure 4.15: Brake Specific Particulate Matter Production Versus Load for the Ramp Rate
Sweep of the Load Acceptance Transient
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4.3.2. Speed Increase Effect on Emissions Production and Fuel Consumption
Figures 4.16 percent mass EGR flow rate for the ramp rate sweep of the speed transient.
The speed transient decreases percent mass EGR throughout the event. The increase in fresh air
mass flow and decrease in differential pressure from the exhaust manifold to the intake manifold
disrupts typical EGR operation and causes the decrease from the steady state operating values.

Figure 4.16: EGR Percent Mass Flow Rate Versus Speed During the Ramp Rate Sweep of the
Speed Transient

Figure 4.17 shows the intake manifold boost pressure at the specified operating points
through the transient event. The transient boost pressures are lower than the steady state values
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throughout the event. The variation is due to the prolonged stabilization of the steady state data,
as discussed in detail above, which allowed for higher boost pressures to be seen after minutes of
continuous steady state operation. Though the transient values vary from the steady state values,
the relationship remains constant throughout the transient event and the variation is acceptable.
The faster transients have relatively equivalent values to the slower events, with a slight trend
similar to the previous section. The faster events typically begin with lower pressure per
operating point and end with higher pressure per operating point.

Figure 4.17: Intake Manifold Boost Pressure Versus Speed During the Ramp Rate Sweep of the
Speed Transient
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Figure 4.18 shows the brake specific fuel consumption during the speed increase
transient. The speed transient causes an 80% increase of brake specific fuel consumption at
points, just as the load acceptance transient. Though the 10, 8, and 6 second transients do show
an increase in fuel consumption over the steady state data, the 4 and 2 second events show a 30%
increase over the slower transients at various loading points. Although, the load acceptance
transient showed a consistent rise in fuel consumption with transient speed, the speed acceptance
transient showed an exponential increase in fuel consumption at the various operating points in
the transient.

Figure 4.18: Brake Specific Fuel Consumption Versus Speed for the Ramp Rate Sweep of the
Speed Increase Transient
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Figure 4.19 shows Nitric Oxide production during the speed increase. Note that the NO
production trend during the speed increase differs from that of the load increase in the last
section. BSNO is maintained is higher than steady state equivalents in some events with a
decrease in others.

Figure 4.19: Brake Specific Nitric Oxide Production Versus Speed for the Ramp Rate Sweep of
the Speed Increase Transient

Figure 4.20 shows particulate production during the transient event. Though the
production trend looks similar to the load acceptance trend, the peak values of the speed transient
are roughly one sixth of the values of the load acceptance transient. Though, the BSPM increases
by as much as 30 times the steady state values in the speed transient.
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Figure 4.20: Brake Specific Particulate Matter Production Versus Speed for the Ramp Rate
Sweep of the Speed Increase Transient

4.3.3. Simultaneous Speed and Load Increase Effect on Emissions Production and Fuel
Consumption
Figure 4.21 shows the percent mass EGR flow rate during the speed-load transient. The
EGR rate is initially close to the optimized steady state value for the first half of every transient
event. The EGR rate of each transient and the steady state differs significantly for the second half
of the transient event. The EGR rate is lower than the steady state value during the faster
transients and higher than the steady state value during the faster transients.
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Figure 4.21: EGR Percent Mass Flow Rate Versus Load During the Ramp Rate Sweep of the
Simultaneous Speed and Load Transient

Figure 4.22 shows the intake manifold boost pressure with respect to load through the
transient. As in the other transient cases, the intake manifold pressure decreases in the later half
of the transient with increased transient speed. The ten second transient produces a notable data
point at 200 lb-ft. This is the only transient intake manifold pressure that was greater than the
corresponding steady state value.
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Figure 4.22: Intake Manifold Boost Pressure Versus Load During the Ramp Rate Sweep of the
Simultaneous Speed and Load Transient

Figure 4.23 shows the brake specific fuel consumption at loading points in the transient
event. The BSFC shares similarities with the other two transient cases. The speed-load transient
produces the highest BSFC values of the three cases. The highest BSFC for the two second
speed-load event shown here is approximately 50% higher than the highest BSFC recorded
during the constant-speed load transient (shown in Figure 4.13) and more than 80% higher than
the highest BSFC recorded during the constant-load speed transient (shown in Figure 4.18).
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Figure 4.23: Brake Specific Fuel Consumption Versus Load for the Ramp Rate Sweep of the
Speed Increase and Load Acceptance Transient

Figure 4.24 shows NO production in the transient events as compared to the steady state
operating points in the speed-load transient. As in the loading transients, the BSNO production is
typically lower during the transients than at the steady state operating points. The 300 and 400
lb-ft operating points see the lowest BSNO values from the initial EGR mass flow and the lack
of necessary boost.
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Figure 4.24: Brake Specific Nitric Oxide Production Versus Load for the Ramp Rate Sweep of
the Speed Increase and Load Acceptance Transient

BSPM is shown in Figure 4.25. BSPM increases dramatically in the speed-load transient
just as in the load acceptance transient. Though intake mass airflow increases substantially as did
in the speed transients, the initial mass airflow and intake manifold boost pressure causes the
same BSPM reactions as the load transients.
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Figure 4.25: Brake Specific Particulate Matter Production Versus Load for the Ramp Rate
Sweep of the Speed Increase and Load Acceptance Transient

4.4. Transient HPEGR and VNT Control Effect on Engine Performance
The results and discussion in sections 4.3 and 5.3, respectively, highlight the importance
of proper transient VNT and HPEGR control and the possible ways to improve control through
transient events. The following two subsections contain excerpts of data recorded while
implementing the transient optimization strategies discussed in Section 3.12.4. Ten strategies
were tested for the optimization of the VNT and HPEGR control during both the speed transient
and load transient. The results of the four most significant strategies and the initial strategy from

135

steady state optimization will be provided for each of the transient events. The results of every
optimization strategy will be provided in the appendix.
Transient performance was defined with the optimization function described previously.
The optimization value was calculated with the BSPM, BSNO, and BSFC of each control
strategy at each operating point in the transient. The optimization values where then averaged for
each of the five operating points of the transient. The four best performing control strategies and
the original control strategy (henceforth denoted by “1”) are presented for the load acceptance
transient and speed increase transient.

4.4.1. HPEGR and VNT Control Effect During Load Acceptance
The four best performing control strategies for the load acceptance were 5, 8, 9, and 10.
The fuel consumption and emissions production through the transient will be presented in the
section as well as intake manifold boost pressure and percent mass EGR rates.
Figure 4.26 shows the percent mass EGR flow for the best performing events. In most
cases, the EGR rate fluctuation is typically stabilized throughout the transient. Most strategies
were held EGR rates close to the rates in the steady state tests, with exception to strategy 8 at the
200 lb-ft loading point and strategy 9 at the 300 lb-ft loading point. In the second half of the
transient, strategies 8, 9, and 10 successfully held EGR rates closer to the steady state values than
strategies 1 and 5.
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Figure 4.26: EGR Percent Mass Flow Rate Versus Load During the VNT and HPEGR Position
Optimization of the Load Acceptance Transient

Figure 4.27 shows the intake manifold boost pressure through the load acceptance
transient. Every strategy shown in the figure increases boost pressure through the transient event
as compared to the initial strategy from the steady state positions. The early aggressive strategy
used in 8, 9, and 10 provided a significant boost increase at the beginning of the transient. The
early boost increase can be seen throughout the entirety of the event. Strategy 5 implemented a
VNT position increase strategy in the middle and second half of the transient. Strategy 5
produced higher boost through the transient but not as substantially as strategy 10.
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Figure 4.27: Intake Manifold Boost Pressure Versus Load During the VNT and HPEGR
Position Optimization of the Load Acceptance Transient

BSFC through the transient may be seen in Figure 4.28. Strategies 8, 9, and 10 produced
significant reductions in BSFC through the entirety of the transient. Strategy 5 increased fuel use
at all stages of the transient. The peak fuel flow and accumulated fuel use through the transient
are presented in Table 4.3. Peak fuel use of strategy 10 is reduced to 77% of the original fuel use
through the transient with strategy 1. Strategies 8 and 9 show significant peak fuel use as well.
Total fuel consumption through the 10 second window was reduced by roughly 1% in strategies
8, 9, and 10.
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Figure 4.28: BSFC Versus Load During the VNT and HPEGR Position Optimization of the
Load Acceptance Transient

Table 4.3: Maximum and Total Fuel Use Through Load Acceptance
Transient
1
5
8
9
10
Peak (kg/hr)
26.80
25.09
20.83
21.19
20.56
Total (kg)
0.0465
0.0460
0.0436
0.0439
0.0430

Brake specific nitric oxide had a complex reaction to the control strategies, as shown in
Figure 4.29. Strategies 5, 9, and 10 produced significantly more BSNO at beginning of the
loading transient. The strategies continued to produce higher or equal BSNO through the
transient as compared to the initial control strategy. Although all of the strategies produced lower
BSNO at the end of the transient event. Table 4.4 contains the peak BSNO values for each of the
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selected strategies and the total BSNO measured during the ten second window. Strategies 5, 9,
and 10 had substantially higher peak BSNO values, as seen in Figure 4.28, though strategy 5
produced less total BSNO as compared to the initial strategy. Strategy 9 was the worst
performing strategy. It produced 8 percent higher total BSNO through the transient event.

Figure 4.29: BSNO Versus Load During the VNT and HPEGR Position Optimization of the
Load Acceptance Transient

Table 4.4: Maximum and Total BSNO Through Load Acceptance
Transient
1
5
8
9
10
Peak (g/bhp-hr)
3.7257
4.8537
3.4575
5.9396
5.3180
Total (g/bhp)
2.84E-03 3.04E-03 3.30E-03 3.82E-03 3.92E-03
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Figure 4.30 shows a decrease in BSPM throughout the transient event with use of the new
control strategies. Strategies 9 and 10 produced very similar results at all points in the transient
as well as 8 with a slight deviation. Strategy 5 produced the best results at the beginning of the
transient, but produced higher BSPM toward the end of the transient event. Table 4.5 shows a
very significant difference in peak BSPM production in the transient. Strategy 10 reduced peak
BSPM to roughly 11 percent of the initial value in strategy 1. Total BSPM was reduced by 89
percent with strategy 10 and was reduced significantly in the other strategies as well.

Figure 4.30: BSPM Versus Load During the VNT and HPEGR Position Optimization of the
Load Acceptance Transient
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Table 4.5: Maximum and Total BSPM Through Load Acceptance
Transient
1
5
8
9
10
Peak (g/bhp-hr)
6.300
5.558
1.103
1.047
0.786
Total (g/bhp)
5.90E-03 4.15E-03 8.28E-04 8.02E-04 6.49E-04

4.4.2. HPEGR and VNT Control Effect During Speed Increase
The four best performing control strategies, other than the initial strategy, during the
speed increase transient were 2, 3, 9, and 10. The initial control strategy, 1, was one of the best
performing strategies for the speed increase. Strategy 1 will be included in the results for a
valuable comparison and the optimum performance it produces. EGR rate and intake manifold
boost pressure through the event will be provided. Fuel consumption and emissions production
will then be shown for the 5 strategies.
Figure 4.31 indicates the percent mass EGR rate through the speed transient with the 5
best strategies. Strategy three was the only strategy to produce higher EGR rates at the beginning
of the transient, while strategies 1, 9, and 10 produced half the EGR rate of the steady state tests
at the 1400 rpm point. Strategy 1 continually produced lower EGR rates throughout the transient.
Whereas, strategies 9 and 10, which produced low EGR rates initially, increase EGR rates
slightly at the end of the transient as compared to the steady state test.
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Figure 4.31: Percent Mass EGR Rate Versus Speed During the VNT and HPEGR Position
Optimization of the Speed Increase Transient

Speed transient intake manifold boost pressure results were similar to the results shown
in Section 4.3. Figure 4.32 shows the intake boost pressure through the transient event. No
strategy produced higher boost pressure than the steady state testing, though every strategy
followed the increase of boost pressure through the transient event. Strategies 9 and 3 had the
highest boost pressures through the transient event, where strategy 3 was a high EGR technique
and strategy 9 had a low EGR technique. Strategies 10 and 2 had a similar effect on boost
pressure as the initial control strategy, with strategy 10 producing slightly lower boost
throughout the event.
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Figure 4.32: Intake Manifold Boost Pressure Versus Speed During the VNT and HPEGR
Position Optimization of the Speed Increase Transient

BSFC during the transient event can be seen in Figure 4.33. Strategy 10 consistently
consumed the least fuel throughout the test. Strategy consumed a similar amount to the initial
strategy at the beginning of the event but then decreased fuel consumption in the final stage of
the event. Strategy 3 had the worst fuel consumption at every stage in the transient event. Table
4.6 provides similar evidence for total and peak fuel consumption for the event. Strategy 9
reduced total fuel consumption the most through the transient, with a .3 percent total reduction in
fuel use and a 2 percent reduction in peak fuel use. Strategies 2 and 3 increases fuel consumption
through the transient.
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Figure 4.33: Brake Specific Fuel Consumption Versus Speed During the VNT and HPEGR
Position Optimization of the Speed Increase Transient

Table 4.6: Maximum and Total Fuel Use Through Speed Increase
Transient
1
2
3
9
10
Peak (kg/hr)
43.81
44.85
47.30
42.94
44.90
Total (kg)
0.08863
0.08912
0.08954
0.08843
0.08855

BSNO versus speed is shown in Figure 4.34. The steady state strategy initially produced
higher BSNO in the transient than during the steady state points and then produced lower BSNO
at the end of the transient. Strategies 2 and 3 reduced initial BSNO values significantly, but both
increased toward the initial values at the end of the transient. Strategy 10 had the largest change
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in BSNO through the transient. It started with the highest BSNO value and ended with the
lowest. BSNO reacted similarly to strategy 9, but with less extreme results. Table 4.7 shows total
NO production was reduced the most with strategies 2 and 3. Strategy 3 provided an 85 percent
reduction from the original control strategy. The peak BSNO values at the beginning of the event
were also reduced significantly with strategies 2 and 3.

Figure 4.34: Brake Specific Nitric Oxide Versus Speed During the VNT and HPEGR Position
Optimization of the Speed Increase Transient

Table 4.7: Maximum and Total BSNO Through Speed Increase Transient
1
2
3
9
10
Peak (g/bhp-hr)
3.132
1.645
1.656
1.909
4.449
Total (g/bhp)
0.0045
0.0039
0.0038
0.0041
0.0047
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Brake specific particulate matter was reduced in three strategies. Figure 4.35 shows the
BSPM through the event for the strategies discussed. Strategy 3 produced excessive PM
throughout the event, and resulted in an 80 percent increase in total PM, as indicated in Table
4.8. Strategy 10 had the most consistent reduction in PM production through the event and led to
a 54 percent reduction in total particulate. Strategies 2 and 9 also reduced total particulate
production. Although strategy 2 has a higher peak production, it had lower PM production at
other stages of the transient event leading to a slight reduction from the initial control strategy.

Figure 4.35: Brake Specific Particulate Matter Versus Speed During the VNT and HPEGR
Position Optimization of the Speed Increase Transient

147

Table 4.8: Maximum and Total BSPM Through Speed Increase Transient
Peak (g/bhp-hr)
Total (g/bhp)

1
1.301
1.01E-03

2
1.470
9.64E-04

3
3.377
1.83E-03

9
0.933
6.62E-04

10
0.495
4.41E-04

4.5. Time-Advanced Control Design Effect on Engine Performance During Load Acceptance
The results of the time advanced controls strategies on engine performance in loading
transients will be presented in the following sections. First the effects of the advancement of
strategy 10 in tenth of a second increments will be shown. Finally a comparison of two tenths of
a second advancements on various control strategies will be reported.

4.5.1. Tenth of a Second Incremental Advances of Strategy 10
Each of the five incremental advancements of control strategy 10 will be reported in this
section along with the optimized steady state values for comparison. The control strategy
nomenclature will be a concatenation of the original control strategy schedule and the time
advancement implemented in seconds. Therefore, control strategy 10 with a .2 second
advancement would be “10.2”. Results will be plotted as the previous sections for identification
of common patterns such as boost pressure advancement and particulate production reduction.
Figure 4.36 shows the percent mass EGR rate through the loading transient for each of
the time advancements. The EGR rates are similar throughout the event with the exception of the
.5 second advancement. The .5 second advancement has much lower EGR rates at the beginning
of the transient.
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Figure 4.36: Percent Mass EGR Rate versus Load for the Incremental Advancement of Control
Strategy 10

Intake manifold boost pressure is presented in Figure 4.37 below. The .5 second
advancement produced the most initial boost. By the end of the transient event, all control
strategies had identical boost pressures. The .1 second advancement produced noticeable high
boost pressures at the beginning of the event.
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Figure 4.37: Intake Manifold Boost Pressure versus Load for the Incremental Advancement of
Control Strategy 10

Figure 4.38 shows the brake specific fuel consumption through the event for each of the
time advances. The initial strategy consumed the least at each stage of the transient event. Every
time advancement consumed more fuel at each stage of the event and more total fuel, as shown
in Table 4.9. The .2 second advance was the most similar to the original fuel consumption with a
.4 percent increase in total fuel consumption. The .5, .1, and .3 second strategies increase total
fuel consumption through the transient by 1.4 percent. The most notable spike in fuel
consumption occurred with the .1 second advance.
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Figure 4.38: Brake Specific Fuel Consumption versus Load for the Incremental Advancement of
Control Strategy 10

Table 4.9: Maximum and Total Fuel Use Through Load Acceptance Transient
10
10.1
10.2
10.3
10.4
10.5
Peak (kg/hr)
20.56
20.88
20.59
20.70
20.61
21.56
Total (kg)
0.0430
0.0436
0.0432
0.0436
0.0438
0.0436

Nitric Oxide production varied in the first half of the transient and was consistent in the
second half of the transient, as shown in Figure 4.39. The only major outlier was the .3 second
strategy at 100 lb-ft load. The .5 second strategy produced the least throughout the event. The .5
second strategy reduced total NO production by eight percent, as shown in Table 4.10. The .3
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second advancement was the only strategy that did not reduce total BSNO. Though the .1 second
strategy had a higher peak of BSNO, it also reduced total NO production.

Figure 4.39: Brake Specific Nitric Oxide Production versus Load for the Incremental
Advancement of Control Strategy 10

Table 4.10: Maximum and Total BSNO Through Load Acceptance Transient
10
10.1
10.2
10.3
10.4
10.5
Peak (g/bhp-hr)
5.318
5.412
5.174
5.472
5.033
5.026
Total (g/bhp)
3.92E-03 3.75E-03 3.87E-03 3.98E-03 3.68E-03 3.61E-03
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The BSPM values are shown in Figure 4.40. The .1 second advancement had the best
impact on BSPM through the transient. The other advancements increased BSPM at each of the
loading points shown in the figure. Table 4.11 provides the peak and total PM values. The .5
second advancement had a peak BSPM value twice as high as the original control strategy. The
.1 second advancement reduced total PM by four percent.

Figure 4.40: Brake Specific Particulate Matter Production versus Load for the Incremental
Advancement of Control Strategy 10

Table 4.11: Maximum and Total BSPM Through Load Acceptance Transient
10
10.1
10.2
10.3
10.4
10.5
Peak (g/bhp-hr)
0.786
0.737
0.999
0.923
0.951
1.478
Total (g/bhp)
6.49E-04 6.25E-04 7.40E-04 7.17E-04 7.07E-04 1.01E-03
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4.5.2 The Effect of a Two Tenths of a Second Advance on Five VNT and HPEGR Control
Strategies
The .2 second advancement was applied to five different control strategies during the
load acceptance transient test. The strategies include 6, 7, 8, 9, and 10. The results will be
provided as a percent change from the original control strategy in each case. This is done to
simplify the results so that the impact of the .2 second advancement may be more
distinguishable.
The EGR rates varied significantly during the event as shown in Figure 4.41. Control
strategy 6 had more initial EGR and ended the transient event with similar EGR as compared to
the initial test. Control strategy 7 had higher EGR for the majority of the event with similar EGR
in the middle of the event. Strategies 8 and 9 had significant dips at the beginning of the
transient. They then bounced to a higher EGR value at the middle and end of the transient.
Strategy ten held EGR rates similar to the original EGR rate, with fluctuations within 2 percent
of the original values.
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Figure 4.41: Percent Change of EGR Rates Due to the .2 Second Advancement of Control
Strategies versus Load During the Load Acceptance Transient

Intake manifold pressures increased in the beginning of every transient event. Figure 4.42
shows the increase at loading points 200 lb-ft and 300 lb-ft. The boost pressure typically fell
back to original strategy values by the end of the test. Control strategy 6 showed the highest
increase of boost pressure throughout the transient event. Control strategy 10 had lower boost at
some operating points in the transient. A sharp increase and decrease in boost pressure was seen
in control strategy 9.
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Figure 4.42: Percent Change of Intake Manifold Pressure Due to the .2 Second Advancement of
Control Strategies versus Load During the Load Acceptance Transient

Figure 4.43 shows the brake specific fuel consumption at indicated loading points in the
load acceptance transient. An increase of BSFC can be seen with each control strategy at some
point in the transient. The highest fueling increase occurs with control strategy 6. Control
strategy 10 also maintains a consistent fuel increase during the test. Strategy 9 reduced fuel
consumption 3.7 percent in the early stages of the transient with slightly higher consumption at
the end of the transient. Table 4.12 contains the peak and total fuel consumption for each of the
strategies. The .2 second advanced improved the total fuel consumption of strategy 8 and 9 by
less than half a percent, and clearly increase fuel consumption for strategies 6, 7, and 10.
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Figure 4.43: Percent Change of Brake Specific Fuel Consumption Due to the .2 Second
Advancement of Control Strategies versus Load During the Load Acceptance Transient

Table 4.12: Percent Change of Maximum and Total BSFC Through Load
Acceptance Transient with Time-Advanced Control Strategy
Strategy
Peak
Total

6
1.88
0.88

7
5.17
1.65

8
4.97
-0.40

9
3.17
-0.36

10
0.15
0.50

The change of brake specific nitric oxide for each of the control strategies at the 5 loading
points is shown in Figure 4.44. Strategy 8 had much higher BSNO production at most loading
points with almost a fifty percent increase at 200 lb-ft. All other strategies began with a BSNO
increase and decreased through the test. Table 4.13 shows the change of total NO production and
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peak NO production values. The table indicates a reduction in total NO with the advancement of
strategies 7 and 10.

Figure 4.44: Percent Change of Brake Specific Nitric Oxide Production Due to the .2 Second
Advancement of Control Strategies versus Load During the Load Acceptance Transient

Table 4.13: Percent Change of Maximum and Total BSNO Through Load
Acceptance Transient with Time-Advanced Control Strategy
Strategy
6
7
8
9
10
Peak
-24.96
19.27
16.99
6.07
-2.71
Total
1.92
-0.46
14.92
6.92
-1.24

Brake specific particulate wasn’t completely reduced in any of the strategies. Figure 4.45
shows the BSPM values at the given loading conditions. The figures indicates a reduction of

158

particulate production at the beginning of the transient with the advancement of strategy 7. All
other strategies produced similar or more particulate at each of the loading points. At 400 lb-ft,
strategy 10 produced 4 times the value seen in the original implementation. Table 4.14 shows the
change in total and peak particulate production for each strategy. The table reaffirms poor
performance indicated in Figure 4.42. Strategy 6 was the best performing with only a 2 percent
increase in particulate production, while strategy 8 was the worst with almost a 40 percent
increase in particulate production.

Figure 4.45: Percent Change of Brake Specific Particulate Matter Production Due to the .2
Second Advancement of Control Strategies versus Load During the Load Acceptance Transient
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Table 4.14: Percent Change of Maximum and Total BSPM Through Load
Acceptance Transient with Time-Advanced Control Strategy
Strategy
6
7
8
9
10
Peak
12.36
30.16
59.68
33.78
27.05
Total
2.78
22.50
39.17
20.83
14.06
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5. DISCUSSION
5.1. Introduction
The discussion in this chapter interprets and evaluates the results presented in Section 4.
Each of the four steps investigated are discussed in the respective proceeding sections; Steady
state optimization will review the optimization process, the effectiveness of the process, and the
engine performance information gained during the steady state optimization process; The effect
of transient events on fuel consumption and NO and PM production will then be reviewed and
analyzed for possible transient optimization techniques; Then the use of transient optimization
techniques and their effectiveness will be investigated; Finally, the effect of a time-advanced
optimization technique will be reviewed.

5.2. Steady State Optimization
The steady state optimization highlighted the characteristics often seen in engine
emissions studies, as shown in sections 2.3 and 2.4. The common trends being: an increase in
EGR decreases the NO production in every operating position, an increase in EGR may also
increase particulate production, and increasing engine back pressure consequently increasing
engine fuel consumption. Therefore the three contradicting characteristics must be balanced to an
optimum point, which considers the primary goals of a particular application.
Engine NO production reduced the most during low boost pressure and high EGR
conditions. NO production did increase with a decrease in EGR rate but the highest NO
production typically occurred at higher intake manifold pressure. The higher NO rates observed
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at the higher intake manifold pressures could be at relatively high EGR rates and in some cases
higher EGR rates than those observed at lower boost pressure and lower NO production. The
shape of the NO surface clearly indicates that excessive boost produced by excessive VNT
closure will commonly lead to high NO levels. This is most likely due to the increase in cylinder
temperatures and increased fuel rates in these conditions. Though the reaction is somewhat linear
and the NO production values at mid and low level boost and EGR rates were within the target
NO values. Therefore, NO management is possible in all VNT and EGR positions except those
that produce excessive boost and low EGR rates.
The engine particulate production was the highest in high EGR and low boost conditions.
The increase of EGR rate and lack of fresh air was the leading driver for the particulate
production. The high boost and low EGR conditions reduced particulate in all cases. This
suggests a more complete burn and hotter cylinder temperatures. Low EGR rates and low boost
conditions produced relatively low particulate as well as high boost and high EGR rates. The
trend clearly indicates high EGR rates with no boost will not be acceptable for particulate
management.
The brake specific fuel consumption surface of each of the conditions was relatively flat
until an excessive intake manifold pressure was met, at which point fuel consumption increased
dramatically. When optimizing, fuel consumption takes priority over NO and PM production if
the NO and PM production is within the acceptable limits. Typically, fuel consumption increased
as NO production increased. The increase of fuel consumption at high intake manifold pressures
is due to the higher exhaust manifold pressures created when exhaust flow is restricted through
the VNT. The higher exhaust manifold pressures increase the pumping load of the engine,
therefore fuel must be added to maintain speed with the added load.
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The trends discussed are typical at every operating point, though every operating point
will react differently to specific EGR rates and intake manifold pressures. The optimum position
for similar EGR rates and intake manifold pressure change with regards to engine operation as
well.
Optimum intake manifold pressure will vary with load and speed due to changes in
fueling and mass flow through the turbine and compressor. Increased load at constant speed will
result in a higher required boost pressure to reduce particulate production. The resulting
increased backpressure is negligible at higher load though the EGR valve may be throttled to
reduce EGR mass flow due to the increased pressure differential between manifolds. Speed
increases require similarly higher intake manifold pressures though the VNT strategy to produce
these pressures is the opposite of the load progression. During a constant load, speed increase,
the VNT position must be opened to prevent over boosting the intake manifold pressures and
over speeding the turbocharger. The EGR valve must be closed due to increased pressure
differentials from the increase exhaust and intake manifold pressures. The EGR rates must also
be reduced during the speed increases at constant high loads. The constant load at a higher speed
moves the engine operation closer to 100 percent load on the engine map. The high load and high
speed condition requires more fresh air for combustion and limited injection time. Therefore,
EGR must be reduced to maintain acceptable particulate production. NO production does not
increase noticeably during the transition to lower percent mass EGR flow.
Though the relationships of intake pressure, EGR flow rate, VNT and HPEGR positions,
and engine operating points are very complex, common optimization points can be found for the
positions at each operating condition.
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The low speed, low load condition should not have excessive boost and should have
roughly a 25 to 30 percent mass EGR rate. This helps reduce fuel consumption and NO
production. The excessive boost is not necessary since fuel flow is minimal and particulate
production is reduced acceptably with a slight intake manifold pressure increase, roughly 5 kPa.
The low speed, high load condition will require a higher boost pressure than the low
speed, low load condition, but a medium EGR flow rate is still manageable. The boost must
account for the higher fuel flow required and manage the possibility of increased PM production.
A balance must be made between increase fuel consumption with excessive intake manifold
boost and PM production with low intake manifold pressures. The ideal position of the VNT and
HPEGR will vary though 25 to 30 percent EGR is an acceptable target at any boost pressure.
The high speed, high load condition requires the most boost and least EGR mass flow
compared to the other two conditions. The condition requires fresh air readily available for
combustion or particulate production could increase dramatically. Though VNT and HPEGR
positions need not be excessively high. VNT position will be almost closed if sized properly and
the increased mass flow through the turbine makes intake manifold boost and turbocharger speed
more sensitive to changes in VNT position.
The resulting optimized positions successfully met the target emissions productions at
every engine operating condition. The positions also minimized fuel use to within a percent of
the minimum value in each operating condition. The positions can be considered optimally set at
each operating point.
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5.3. Effect of Transient Ramp Rate on Engine Fuel Consumption and Emissions Production
The results shown in Section 4.3 show conclusively that transient events impact engine
NO production, PM production and fuel consumption. Though the reaction of each of these
components depends directly type of transient event occurring. The change in PM and NO
production as well as fuel consumption due to load acceptance, speed increase and simultaneous
load and speed increase transients will be discussed in the following section.

5.3.1. Effect of Load Ramp Rate increase on Engine Fuel Consumption and Emissions
Production
The progression to faster load transients caused a general decrease in boost pressure in
the intake manifold. This was accompanied with an initial reduction of EGR as compare to the
steady state value, followed by an increase through the transient. Fuel consumption also
increased through the transient with extreme increases at the end of the transient as the engine
attempts to stabilize at the operating speed. NO increases slightly at the beginning of the event
and then decreases significantly in the middle and end of the event. PM production increases by
a factor of ten as the event speeds up. Peak PM values in excess of 3 grams per brake horsepower
hour were observed, which is unacceptable for prolonged periods of time.
The results of the load transient indicate that more fuel is required in the transient event
as compared to the steady state. The results also show that fresh air is restricted from the engine
during the transient event, due to the lack of boost pressure. The combination leads to excessive
fuel use and extreme PM production through the event and a reduction of NO production with
exception to a sharp spike initially. This is due to incomplete combustion, because of the engine
conditions during the event. The focus of future work on loading transients should therefore
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attempt to increase available fresh air in the cylinders throughout the event. This will ensure
complete combustion and a reduction of particulate production. The NO production does not
increase significantly if EGR rates are maintained with the increase fresh airflow.

5.3.2. Effect of Speed Ramp Rate increase on Engine Fuel Consumption and Emissions
Production
The speed transient behaves somewhat differently from the loading event. EGR rate
drops through the event as event speed increases. The drop in EGR is accompanied with a
relatively steady increase in intake manifold pressure. The results have shown that transient
event speed does have a negative effect on intake manifold pressure but not to the extent of the
loading transient. The fuel consumption increases with an increase in the speed increase transient
event ramp rate as well, almost doubling consumption at given operating points during the event.
The reduction of EGR leads to the increase of NO observed initially in the event, with up to a
40% change of NO production due to transient event speed. Slower events may increase NO by
20% at the 1800 rpm operating point compared to faster events. The speed transient also
increases PM production as the transient rate is increased. This suggests that, though the intake
manifold boost pressure does not vary as dramatically as it does during the load transient, the
intake manifold pressure is still too low throughout the event for each transient rate.
The reaction of fuel consumption and emissions production to the event suggests the need
for more fresh air through the event as well as proportionally more exhaust recirculation. The
increase in fuel delivered through the event necessitates the increase in fresh airflow during the
event to prevent unacceptable PM production. Likewise, the increase mass flow of fresh air
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means a lower differential pressure across the exhaust and intake manifold and a more aggressive
early EGR valve strategy must be used to reduce initial NO production.

5.3.3. Effect of Simultaneous Speed and Load Ramp Rate increase on Engine Fuel Consumption
and Emissions Production
The simultaneous speed and load transient is inherently more complex than the other two
transients where only one operating characteristic was varied at time. Nevertheless, the engine
demonstrated some systematic performance response identifiable through consideration of the
measured data. EGR rates were consistent for each event speed change to the middle loading
point, but they vary in the second half of the transient with faster tests receiving less EGR and
slower tests receiving more. Intake manifold boost pressure decreases significantly with an
increase in transient event ramp rate. The decrease in boost pressure is much more similar to that
of a load transient. The fuel consumption doubled from the 10 second event to the 2 second event
at the 200 lb-ft loading point. Fuel consumption stayed much higher for the faster events, with a
similar consumption pattern as the speed increase. The sharp increase in fuel consumption at the
beginning of the transient suggests the need for even more fresh air at the beginning of a
simultaneous transient than the simple load and speed transients. Brake specific nitric oxide
production was similar through all the events. The only deviation due to event speed occurred in
the middle of the event where slower events had slightly higher BSNO values. The speed and
load transient increased BSPM more than 1000 percent between the 2 second and 10 second
events.
The critical increase of BSPM and BSFC dictates the need for much more fresh air at the
beginning of the simultaneous transient, while BSNO values should be maintained at their
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current levels. The optimum performance for the speed and load transient will require a sharp
increase in VNT position to quickly provide more fresh air to the engine while closing the
HPEGR valve slightly to maintain EGR rates with a higher differential pressure across the
engine. By the mid point of the transient, VNT and HPEGR positions should gradually be set
back to the originally requested values in the steady state conditions.

5.3.4. Summary of Transient Ramp Rate Increase affect on Engine Performance
The faster transient ramp rates request more fuel in every case, regardless of load or
speed change. The fuel is met with inadequate fresh air supply in most cases. This leads to
wasted fuel, more fuel consumption and increased particulate production. Typically BSNO is
consistent through the transient events and within target standards. Therefore, effort must be
made to induce more fresh air as quickly as possible at the beginning of each transient event,
while maintaining consistent EGR rates.

5.4. Effect of Complex Control Strategies on Engine Performance
The complex control strategies suggested in Section 3.12.4 were applied to load and
speed transients in attempt to improve fuel consumption and reduce emissions production during
the events. The next two sub-sections discuss the results and possible implementation of the
control strategies.

5.4.1. Effect of Complex Control Strategies on Engine Fuel Consumption and PM and NO
Production During a Load Acceptance
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The results of constant speed engine loading discussed in the previous section suggest
increased intake manifold pressure and decreased or constant EGR rates may improve engine
operation during these events. The five best performing control methods were reported in Section
4.4.
The results provide evidence that the complex control strategies can sufficiently increase
intake manifold pressures while maintaining relatively consistent EGR rates during the events.
The sharp increase in boost pressure at the beginning of the event was enough to reduce BSPM
by 80% in different stages of the event. In diesel engine operation, a decrease in BSPM is
generally met with an increase in BSNO production. The complex strategies did produce an
increase in NO through the duration of the event. The total increase in NO production could be
as high as 37% for some control strategies but in no event did the production exceed the target
limits. Most importantly, the complex control strategies had a positive impact on fuel
consumption during the event. In some cases total fuel consumption was reduced by eight
percent through the entire transient event.
Complex control strategies 9 and 10 applied a sharp increase in VNT position and
decrease in EGR position effectively increased boost pressure and reduced EGR momentarily.
These two control strategies had the most significant improvement on transient performance with
roughly 90% reduction in PM production and 7% reduction in fuel consumption. The strategies
could be implemented even more aggressively and for a prolonged period with the possibility of
improving performance, but could lead to turbocharger failure if not done safely. More
investigation into an optimized transient control should attempt to continue the aggressive boost
strategy until the optimum steady state values are met or possibly exceeded. In any case, it is
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clear that load acceptance transients benefit from increased fresh air mass flow provided by the
strategies tested.

5.4.2. Effect of Complex Control Strategies on Engine Fuel Consumption and PM and NO
Production During a Speed Increase
The results of the constant load speed increase tests suggested that an increased EGR
mass flow rate, in unison with increased boost pressure may reduce PM production during the
speed transient while maintaining low NO production. The successful control strategies should
provide both a reduction in pollutants and fuel consumption. The five best control strategies
during the speed transient were presented in Section 4.4.
The speed transient reacted differently to increased ramp rate as compared to the load
transient. The speed transient control strategies were designed to introduce more EGR mass and
fresh air mass to the intake manifold as soon as the transient event began to attempt to reduce the
BSNO and BSPM spikes observed early in the transient. Somewhat aggressive strategies were
used to implement the simultaneous increase but no strategies were successful at recreating the
steady state conditions at the beginning of the transient. Though, EGR rates and intake manifold
pressures were increased by as much as 50% and 12% respectively at various loading points.
Although the steady state EGR rates and intake manifold pressures were not attained
during the beginning of the transient, BSNO and BSPM were successfully reduced in several
strategies. The analyzing the reduction during the event is difficult, but the total production
shows a reduction of NO during the transient by simply holding steady state EGR and VNT
positions going into the speed transient, although these procedures did produce higher PM totals.
Control strategies 9 and 10 were implemented using a sharp decrease in EGR position followed
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by a slight increase in the second half of the transient. The VNT position was then dropped
gradually through the transient. This procedure did increase BSNO initially during the event, but
was well within target BSNO values during the majority of operation and could lead to a slight
increase or a decrease in total NO production, depending on the aggressiveness of the strategy.
More so, these strategies saw a decrease in fuel consumption and PM production during the
event.
Therefore, speed transients may be optimized with principles similar to load transient
optimization but a slightly different practice. Optimum speed transient control required a sharp
EGR valve closure to increase exhaust manifold pressures. The increase in exhaust manifold
pressures along with the increased mass flow rates during the speed transient, effectively
increases total mass flow during the event. Once the initial turbocharger boost is accomplished,
EGR position may be opened to increase EGR rate while still increasing intake manifold
pressure. This strategy incurs a momentary increase in BSNO production but results in better
overall speed transient optimization.

5.5. Effect of Time-Advanced Control Strategy on Engine Load Acceptance Performance
The time advanced control strategy was tested with several control schedules over the
load acceptance transient. The purpose of the time advanced control strategy was to create the
optimum conditions for the beginning of the transient event. The following sections will discuss
the effectiveness of the time-advanced control scheme.
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5.5.1. Effectiveness of the Tenth of a Second Advance of Control Strategy 10 During the Load
Acceptance Transient
The advancement of strategy 10 had limited effect on EGR rate, with only a half second
advance changing the EGR rate significantly. This could be due to the low initial mass flow and
the consistency of the control strategy at the end of the transient. The initial intake manifold
pressure increased significantly with only a tenth of a second advancement of the control
scheme. The intake manifold pressure did not increase significantly with any more increase in
controller advancement.
The 0.1 second advancement reduced BSPM production the most out of every transient
schedule. The earlier advancements increased BSPM production in some cases. BSNO
production was consistent through out the event with only slight variance in the initial stages of
the event. Fuel consumption varied consistently through the event, where the original control
scheme performed the best and the advancement of the control scheme increased the
consumption in most cases.
Though the advancement of control strategy 10 produced complex results, several key
concepts of transient VNT and HPEGR optimization may be understood. A .1 second
advancement of the VNT and HPEGR control strategy is enough to improve engine operating
conditions and not be noticed by the operator. Thus allowing for the possibility of monitoring
speed error and accelerator position to implement a time advanced VNT and HPEGR strategy
before transient fueling takes effect. The desired intake manifold pressure may increase too
much, prior to the transient. This will cause excessive backpressure early in the transient and an
increase in fuel consumption, though will be useful if particulate production must be minimized
during the transient. Finally, the advancement of the strategy shows that VNT and HPEGR
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positions must be calibrated with a time goal. That is, VNT management must account for
transport delays to the intake manifold and the high boost positions should be maintained well
into the transient to reduced PM production all the way through the transient. EGR rate is not as
sensitive to the transient events as PM, though the EGR valve positions should be considered as
a compliment to the VNT position and the increased pressure differentials and mass flow rates
must be accounted for in the beginning of the transient event.

5.5.2. Two-Tenths of a Second Advancement of Five Complex Transient Control Strategies
A 0.2 second advancement was applied to control strategies 6 through 10 to analyze the
effect time advancement has on the fuel consumption and emissions production during the load
acceptance transient.
The EGR rates produced during the event changed but typically were within 4 percent of
their original values. Intake manifold pressure increased significantly at the beginning of every
event. Strategy 6 saw the highest increase of boost pressure through the event. Though, strategy
6 still increased PM production with the time advancement. Every strategy produced higher PM
rates with the advance. BSNO was reduced slightly with strategies 7 and 10 though not enough
to account for the increase of PM production. Strategies 8 and 9 reduced total fuel consumption
through the transient but each increased total NO and PM production by roughly 10% and 30%
respectively.
The results of the time advancement on the five different strategies indicate that
excessive turbo lag is not restricting transient performance as much as improper transient control
of the VNT and HPEGR. In every event, the intake manifold pressure was increased sufficiently
and in most of these events PM production or fuel consumption still increased. As shown in

173

section 5.5.1, a tenth of a second advancement, along with proper control throughout the entirety
of the transient until engine settling, has the potential to optimize engine operating conditions in
the transient event. Similarly to the optimization of steady state operation, the VNT and HPEGR
positions must be optimized at transient operating points and fuel consumption, PM production,
and NO production must be balanced at each of these points. The tests have shown that intake
manifold pressure is a limiting factor for transient performance. A transient intake manifold
pressure target should be identified along with an augmented steady state EGR rate target to
produce the best engine performance.
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6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
This dissertation investigated various strategies to optimize simultaneous control of the
HPEGR and VNT systems for general diesel engine use, with an emphasis on transient
operation. These engine subsystems were fully controlled in the exercise, and the optimization
was based on fuel consumption and NO and PM production.

6.1. Optimization of VNT and HPEGR Control in Steady State Operation
The HPEGR valve and VNT nozzles were swept through their position range at various
engine loads and speeds. The resulting fuel consumption, NO production and PM production was
recorded and used to create and optimization table for ideal VNT and HPEGR control at each of
the steady state operating points. An optimization function was used identify the optimum
positions. The function weighted the emissions production and fuel consumption at target values.
The HPEGR and VNT were set in the optimized positions at several steady state operating points
and the NO and PM production, EGR rate, intake manifold pressure, and fuel consumption were
monitored.

6.2. Transient Events and Their Effect on Fuel, Nitric Oxide, and Particulate Matter
The optimized VNT and HPEGR positions were used to control the VNT and HPEGR as
the engine completed three transient events at different transient ramp rates. The engine was
scheduled to run a load acceptance transient, a speed increase transient, and a combined,
simultaneous load and speed increase transient. The Transients began with a 10 second event
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length and increased in speed to a 2 second event. The resulting NO production, PM production,
EGR rate, intake manifold pressure, and fuel consumption were recorded throughout each of the
events and compared to the initial steady state values.
The increased ramp rates increased fuel consumption and PM production in every
transient event with varying NO production. The load acceptance, speed increase, and
simultaneous speed-load events increased spikes in fuel consumption by 35%, 50%, and 80%
respectively. The increase of transient ramp rate increased total PM production by as much as
3000% percent in some cases. The 2 second load acceptance reduced NO production by 17% as
compared to the steady state tests. A trend of fuel consumption and PM production increases and
NO stability was developed in every transient event, which suggests increased fresh air supply is
necessary for improved engine performance during fast transient events.

6.3. Optimization of VNT and HPEGR Control in Transient Events
Complex control strategies were created to reduce the effect of transient events on NO
production, PM production and fuel consumption. The complex control strategies were created
for the load transient and speed transient. The strategies were implemented during the transient
and the resulting EGR rate, intake manifold pressure, PM production, NO production, and fuel
consumption was reported.
The control strategies proved capability of reducing NO and PM production in both
events while simultaneously reducing total fuel consumption. The strategies typically
implemented higher boost pressures to reduce PM and un-burnt fuel during the transient while
still supplying sufficient EGR to manage NO production levels.
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Control strategies 9 and 10 for the load acceptance transient were able to reduce total
BSPM by 90% through the event. They also improved BSFC by 5.5% and 7.5% respectively.
Though they did increase BSNO by 35% and 37% respectively, the increase was still within the
target values for BSNO production throughout the event.
Control strategy 10 of the speed transient reduced BSPM by over 50%, but only reduced
BSFC by .1% and increased BSNO by 4%. Control strategy 9 reduced total BSFC the most
throughout the transient event, with a .2% reduction. Control strategy 9 also reduced BSNO and
BSPM by 7.5% and 35.5% respectively as compared to the original control strategy.

6.4. Time-Advanced HPEGR and VNT Control in Transient Events
Control strategies were implemented prior to a load acceptance transient event in attempt
to condition intake manifold pressure and EGR mass flow for the beginning of the transient
event. A control strategy was implemented before the loading event in .1 second increments to
investigate the effect of the early VNT and HPEGR control. Then a .2 second advancement was
used with 5 different control strategies to better understand the effect of early VNT and HPEGR
position transitions on the engine performance. The tests showed that a .1 second advancement
was capable of increasing intake manifold pressure to the same pressure chosen in steady state
optimization. The time advancements did not produce consistently improved fuel consumption
and emissions production.
The advancement of control strategy 10 increased BSFC for every time step with a total
BSFC increase ranging from 1% to 1.8%. The 0.1 second time advancement decreased total
particulate production by 4% as compared to the original control strategy 10. This shows that
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even a slight time advancement may produce an improve control strategy. Though the control
strategy must be recalibrated for the new system response.
The 2 second advancement of the 5 control strategies produced similar results as the 0.1
second sweep of control strategy 10. The advancements of strategies 8 and 9 improved total
BSFC by 0.4% and 0.35% respectively. Though the same control strategies BSPM by 40% and
20% respectively. The time advancement strategy did not produce any single improved control
strategy, but did show that a time advancement may improve engine performance if calibrated to
the transient operation correctly.

6.5. Suggested Future Research
6.5.1. Adaptive Control with Neural Networks
A neural network may be used to control VNT and HPEGR positioning and to select an
appropriate control strategy during transient and steady state events. Emissions production and
fuel consumption from simple transient steps will be recorded with the VNT and HPEGR in
various positions. PM, NOx, and fuel consumption throughout the transient events will be placed
into neural network blocks in Simulink to teach a predictive ANN block. The predictive block
can then be used to optimize control of the subsystems. The controlling block may also use a
closed loop feedback to become adaptive. The resulting system could be used as an open loop
control with a closed loop feedback for ANN learning. The adaptive system could potentially
optimize transient performance based on driving habits and fuel used as well.
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6.5.2. GT Power Simulation
GT Power may be used to calibrate VNT and HPEGR control in the same simple
transient events as the previous control methods. GT Power will simulate engine dynamics in
transient events including: compressor performance, turbine performance, HPEGR flow rates,
fuel consumption, and emissions production. A complete engine model has already been created
in GT Power. Compressor and turbine blocks have also been installed into GT Power. The
simulated engine will run through the simple transient events continuously and possible control
paths will be compared in GT Post.

6.5.3. Evaluation against the EPA FTP and Engine Mapping
The EPA’s federal test procedure (FTP) provides an excellent testing scheme to prove the
capabilities of the new control system. The EPA devised the FTP to test transient emissions
production of heavy-duty diesel engines and buses. The test is based on normalized torque and
speed. For the purpose of the research, a comparison may be made between the optimized
transient control strategy and the original fully open VNT and fully closed EGR. The same may
be performed with an engine mapping to quantify total performance gains.

6.5.4. Monitoring Speed Error Derivative for Advanced Transient Optimization
Engine speed requests may be monitored to improve the controlling process of the
engine. Instead of waiting for engine conditions to develop before setting EGR and VGT
positions, speed requests and speed error can be monitored to prepare each subsystem for the
upcoming transient events. The subsystems may be prepared by the transient optimization
system. This method would address turbo lag issues specifically. If the turbocharger is allowed to
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pre-boost before the engine begins additional fueling, better engine performance and lower
particulate counts may be possible.
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APPENDIX A: PARAMETRIC EMISSIONS MODELING TECHNIQUES
Parametric Emissions Modeling resourcefully uses information readily available on an
engine to predict the emission production from the engine. Emissions monitoring equipment can
be expensive, large, and immobile and therefore impractical to use in certain situations. PEM
looks to give accurate estimations of emissions production without such equipment. For
example, some parametric studies show a link of fuel density to particulate production and NOx
creation (Shimazaki, Shibata, Tsuchiya, Shibata, & Morinaga, 2002). Figure A.1 shows PM
emissions based on fuel density. PM emissions increased 6-17% due to a change for 1-ring to 2ring aromatics. The PM increase seen with the change in aromatics was almost equivalent to the
PM increase seen with fuel density increases.
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Figure A.1: Comparison of Similar Density Fuel with Atypical Density Fuel for Influence on
PM Emissions (Shimazaki, Shibata, Tsuchiya, Shibata, & Morinaga, 2002)

Dec and Sjöberg studied parametric emissions predictions in low load applications with a
homogenous charge, compression engine (HCCI) research engine (Dec & Sjöberg, 2003). The
engine is a modified 6L Cummins diesel. The paper described CO, HC, and NOx emissions as a
function of intake temperature. Figure A.2 shows that, as intake temperature increases from 95 to
150 ºC, NOx formation almost triples. The temperature increase leads to a decrease in CO and
HC.

189

Figure A.2: CO, HC, and NOx Emissions as a Function of Intake Temperature for Same
Operating Conditions (Dec & Sjöberg, 2003)

Figure A.3 shows the affect of start of injection on NOx, Soot, CO and HC. The figure
shows an exponential increase of NOx and Soot due to a delay of start of injection.
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Figure A.3: The Effect of Varying the Injection Timing for ϕ = .1 on Emissions (Dec & Sjöberg,
2003)
Duffy and Mellor accurately predict NOx production for a DI diesel engine using PEM
techniques (Duffy & Mellor, 1998). Engine speed, injection pressure, BMEP, start of combustion
timing, and EGR rates were recorded throughout several tests at various rpm and torque. A twozone flame model was created to predict NOx production and verified against experimental NOx
measurements. Equivalence ratio is roughly equal to 1 in zone 1 and less than 1 in zone two.
Flame zone and mechanism reaction time, along with the previously mentioned parameters, were
used to predict NOx production mechanism and rate. Figure A.4 demonstrates model prediction
accuracy with a standard deviation of 5.7 (Duffy & Mellor, 1998). A non-linear function could
be used to approximate NOx better.
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Figure A.4: NOx Emissions as a Function of Characteristic Time Model Equation using Liquid
Phase We Number in the Fluid Mechanic Time Data with SOC=0 (Duffy & Mellor, 1998)
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APPENDIX B: ARTIFICIAL NEURAL NETWORK CONTROL AND DATA LEARNING
Artificial neural network (ANN) models may be used in any nonlinear or linear,
continuous application as long as the system has a cause and effect nature (VanDoren, 2002).
The control method is based on a computing model of the human brain. The neural network has
processing elements connected with a weighting factor as seen in Figure A.5 (Galkin, 1996). The
connection weighting is determined by model use and is considered the memory of the model.
The figure identifies value x as the sum of inputs I multiplied by their weighting factor. Neuron
output is determined by control system design. In this case, output is binary. Therefore, if x is
greater than threshold value T, then the neuron feeds a value S. If x is less than or equal to T, the
neuron returns a null value.

Figure B.1: Artificial Neuron with Weighted Inputs and a Single Output (Galkin, 1996)
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Figure A.6 shows processing elements, or hidden neurons, one through eleven for a feed
forward ANN controller connected to the input elements and the output element (Kasabov,
1996). Each of these elements has a weighting drawn from the previous element array as
mentioned previously. The ANN is able to predict proper outcome by the weighting of the input
parameters on each element and their subsequent weighting on the final element. Any predictive
or controlling network of this type is greatly affected by the number of hidden (middle) neurons.
If the network has too many neurons in the hidden layer, the data may be over-fitted. That is,
there is too little data to adequately utilize all neurons in the output, which skews results. If the
network has too few hidden neurons, it may be under-fitted. An under-fitted network has too
little flexibility to accurately detect and predict values in the complex data sets.

Figure B.2: Neural Network for Training with Exact Data for a Bank Loan Decision Problem
(Kasabov, 1996)
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The model may then become adaptive to its running environment by altering the
weightings from each node array to the next node array in order to pick the appropriate path to
the final decision (Kasabov, 1996). To do so, the ANN must have a feedback system and a cost
function added. The ANN receives the feed back of its previous control results and then analyzes
the results against a minimizing cost function. ANNs of this nature do a great job of finding a
local minimum but a chaos factor must be used to find the global minimum. The chaos factor
adds disturbances to the output of the ANN. These disturbances give random outputs that the
ANN would not select as proper control but the system must test other outputs to ensure its
capability of learning and finding a global minimum.
Neural networks may be useful in the proposed research based on their ability to handle
non-linear systems more simply than other control methods. The system could be used to
simplify transient VNT and EGR control but limitations do exist. The nature of the system limits
itself because of its requirement of future knowledge as it pertains to engine control. The method
may still be useful if implemented properly in designed experiments and its results are developed
for in the field use.
Figure A.7 provides an example of a neural network problem-solving paradigm. A
similar system may be used in the potential research as a transient event learning system. A
neural network may be trained in experimental tests to identify proper EGR and VGT control in
various transient events. The neural network may then access the new data and combine it with a
recall algorithm. The resulting neural network will continue to be trained and adapt to current
use. In the case of the HPEGR and VGT, the neural network may identify common engine
acceleration and load changes that were not initially calibrated by the training examples. The
trained neural network may then learn any discrepancies between a past sample control and
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optimal past sample control. Therefore, optimal control may be implemented in future transient
events. This system operates as a hybrid open loop/closed loop control model.

Figure B.3: Neural Networks as a Problem-Solving Paradigm (Kasabov, 1996)
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APPENDIX C: LUMPED PARAMETER CONTROL
Lumped control parameters used to describe systems as ordinary differential equations
(Ray, 1989). Individual parameters are identified as functions of time as opposed to the
parameters of distributed systems which are functions time and space. This control method is
particularly useful in the design of the air management of the diesel engine. Lumped parameter
may be used to estimate the flow from one section of the engine to another. This estimation may
allow for better EGR and VNT control as well as PEM anticipation.
Kladopoulou et al. used a lumped parameter model to describe DPF loading and
regeneration (Kladopoulou, Song, Johnson, Parker, & Kontstandopoulos, 2003). The model was
used to calculate filtration accumulation, pressure drop, filtration efficiency, and temperature.
The predictive control model used three categories for governing equations including: filtration
theory, pressure drop, and mass and energy balance. Figure A.8 shows predicted collection
efficiency and PM concentration from the DPF compared to experimental results. The results
show accurate model predictions of the lumped parameter system within error limits. The
predicted results were used in open loop controller to determine optimum DPF regenerative
cycling. A similar case may be used to predict pressure differentials and flow to control the VGT
and EGR.
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Figure C.1: Filter Collection Efficiency and Outlet Exhaust Particulate Mass Concentration vs.
Time (Kladopoulou, Song, Johnson, Parker, & Kontstandopoulos, 2003)
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APPENDIX D: BIOFUEL
Biodiesel has been used as an alternative to diesel for some time now. Biodiesel can be
made from a variety of sources including plants or cooking oils. It’s also considered a renewable
resource but quantities may be strained if biodiesel gains wide acceptance. The importance of
biodiesel is likely to grow as our world oil supply is continually drained and CO2 emissions
continue to increase. The importance of research in this field cannot be overestimated.
Research in the biodiesel field continues to produce new biodiesel sources. The majority
of research is focusing on making use of waste products and inedible plants and plant by
products. Though we may find new sources for biodiesel, not every source produces the same
results. Biofuel properties may vary significantly from source to source. Major factors in
biodiesel choice are edibility, flash point, and density. Rapeseed and Pongamia oil are two
possible leading sources for clean, inedible biodiesel. Both are considered inedible in large
quantities. Only a limited amount of Rapeseed is safe for consumption due to high erucic acid
content. Pongamia’s bitter taste and odor discourage wide use as an edible oil (Demirbas, 2008).
Past research has shown that biodiesel tends to reduce NOx production in diesel engines
but it leads to a rise in particulate production. The reduction in NOx is believed to be caused by
lower flame temperatures associated with most biodiesels. Some biodiesels may produce greater
NOx emission because of additional nitrates found in the fuel. Biodiesel also has a tendency to
carry more sulfates than crude diesel, therefore increasing SOx production. The lower flame
temperatures achieved with biofuel can also lead to the higher HC and particulate numbers.
Biodiesel has also been shown to reduce engine performance. Generally, a power drop of 10%
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can be found in most engine mapping comparisons. Standard fat based biodiesels may clog older
engine fuel systems. Implementations may need to be made to retrofit previously produced diesel
engines to operate with biodiesel. Most modern diesel engines, however, are capable of running
with at least B20 (20% biodiesel/80% diesel).
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APPENDIX E: VENTURI DESIGN
Venturi meters are commonly used as non-intrusive flow measurement devices. The
meters can be used in gas or liquid systems. They calculate fluid flow rate from the pressure
difference in a converging and diverging nozzle. Steady flow is best for venturi meters, though
they may be calibrated for unsteady flow conditions. The flow should be safely subsonic to
ensure Bernoulli principles still apply. Most venturis should read flow maintained below mach .3
(Howe, Dinapoli, & Arant, 2003).
Figure A.9 shows a standard venturi design, where the pressure of the flow entering the
venture is measured at Da and then measures at Db after a converging section. The pressure
change and original entry pressure is then used to calculate volumetric flow rate, as shown in
equation A-1 (Zaczek, 1996).

Figure D.1: Venturi Meter Design (eFunda, 2016)
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(eq. A-1)

where, C is the discharge coefficient, Y is the expansion factor, d is the throat diameter, ρ is the
entrance density, β is the ratio of throat diameter to inlet diameter, Fa is the thermal correction
factor and p is pressure.
The inlet diameter is typically chosen to fit inline with the fluid system being measured.
Since the inlet diameter is typically not changeable, the throat diameter must be chosen with
care. The beta ratio simplifies the throat diameter selection. The beta ratio is chosen to match the
expected mass flow and the required pressure sensitivity. A larger beta value will return a lower
pressure differential for a given flow rate, yet will allow for a higher flow rate as compared to a
lower beta value. Similarly, a venturi with a higher beta value will have more error at very low
flow rates. A beta value of .75 was chosen for the exhaust venturi designed for the dissertation
while the inlet diameter was 3.95 inches to fit the tubing of the exhaust.
After the two diameters are selected, the angles of the convergence and divergence
sections are selected. A common design for minimal discharge is suggested by ASME (Gibson &
Reader-Harris, 2006). The convergent and divergent sections of venturi designs used in the
dissertation were 21° and 7.5° respectively.
The venturi used in the exhaust was placed 10 diameters from the last bend of the exhaust
tubing and over 5 diameters from the first bend of the next exhaust tubing.
The exhaust venturi was calibrated against the estimated mass flow of the engine and the
mass flow values recorded from the exhaust. The EGR venturi was calibrated with the known
EGR % mass and the LFE measured engine airflow rate. The EGR venturi was used to estimate
exhaust gas mass flow into the engine intake, but was not involved in the engine control. The
exhaust venturi was used to calculate exhaust flow rates during the transient events.
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APPENDIX F: SPEEDGOAT CONTROLLER AND DATA ACQUISITION
The HPEGR and VNT controllers and data acquisition systems were designed to allow
for maximum experimental flexibility. The VNT position is controlled through a feedback
system with a PID, a look up table, anti-wind up integrator and output limiting. The HPEGR
control has no feedback. It has two look up tables with the capability of adding feedback control
in future tests. The data acquisition system allows for full monitoring capabilities of all input
signals, internal parameters, and output signals on the device at frequencies up to 33 MHz.
Figure A.10 shows the full layout of the Simulink system. The following schematic and
paragraph is intended for an overview of the system. Detailed components will be discussed later
in the chapter. In general, the system flows from left to right. The analog and digital inputs enter
into the model on the left, as seen in the largest grey block and the other in the bottom center.
The incoming signals are branched. One branch creates a global variable that is recorded for
post-processing and debugging. The second branch processes the signals in the magenta
conditioning blocks. The conditioned signals are then sent to blocks that create volatile global
variables of them. This allows the signals to be used in several files and, in this case, easier
readability. The signal variables are then recorded in the scope block and used in the system
controller. The turbocharger boost pressure and LFE mass flow rate are also sent to a variable
monitoring location. The variable monitoring location is needed to monitor variables in external
mode since direct monitoring is not allowed. The large light green block contains the primary
controller for the turbocharger position and EGR valve position. All the preceding blocks allow
for complete control of requested set points as position, current, PWM, or any other variable.
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The blocks on the right hand side of the figure are all output blocks for the SpeedGoat controller.
They are preprogrammed to make use of the FPGA’s full potential.
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Figure F.1: Full DAQ and Controller Model Layout
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The Input and Output control can be seen closer in Figure A.11. The four upper blocks
set the I/O of the Ethernet port, the IO102 FPGA, the IO311 FPGA, and the system scopes. The
Ethernet XCP server block will be discussed in more detail in Appendix G. The IO102 Setup
block sets the high-level parameters of the IO102 FPGA module. A few of the main settings are
configurable in the Setup block while other settings such as analog input type (differential or
single), the number of analog inputs, the number of analog outputs, the initial value of the analog
outputs, number of digital inputs and outputs, and the initial value of each digital output may be
configured in the independent IO blocks. The IO311 Setup is similar to the IO102 Setup, with
the exception of analog inputs. The IO311 FPGA is designed for digital control and processing.
Therefore block configures variations such as capture settings, PWM settings, and Quadrature
encoding. Only the initial or high-level parameters are set in this block as well, whereas lowlevel parameters may be set in the IO blocks themselves. The blue scopes block was personally
built to contain the target and data scopes used in the model. The scopes will be discussed in
more detail in this Appendix.

Figure F.2: SpeedGoat FPGA Communications Inputs and Outputs and Signal Conditioning
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Figure A.11 also shows the conditioning blocks used with each of the analog inputs. Each
of these blocks has a tailored form of signal processing for each signal. The signal processing
first applies a filter and then the sensor conversion function. The signal filtering can vary from
10 Hz to 10,000 Hz depending on the signal being conditioned. Some processing blocks take
multiple signals and apply complex equations in real time. The calculations are typically for
venturi mass flow in this model.
The inside of the scope block is shown in Figure A.12. The SpeedGoat system comes
with prebuilt XPC blocks to interact between the host computer and the target. There are 3 types
of scopes that assist with the interaction. They include: file scopes, target scopes, and host
scopes. The file scopes record the data passed to them in .dat files on the target machine. They
may save to a specified file name, which can be downloaded to a MatLab program running on
the host computer. The amount of data is limited so the blocks may be set to continue recording
in a specified buffer or may use dynamics file naming to record for long periods of time. The
target scopes record the signals passed to them and return a complete scope at the end of a run.
The scope is displayed on the target monitor, which may require a target spy at the end of the
run. The target scope parameters are set in the block and are only configurable upon a build.
Therefore, they may not be changed or monitored during a run. The host scope works similarly
to the target scope, but loads on the host monitor in the operating program.
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Figure F.3: SpeedGoat Model Scopes

Some variables must be monitored during runtime for safety and to ensure proper
controller action. Figure A.13 shows some of the variable monitors used in the SpeedGoat
controller. The blue system is used to monitor the current turbocharger pressure ratio and LFE
mass flow rate. The system also runs a calculation to check the current pressure ratio and mass
flow rate through the turbocharger, against the turbocharger surge line. The pass value is then a
ratio of the current pressure over the pressure of the surge line at a given mass flow. The pass
value should be well below 1 during operation to ensure the turbocharger will not surge incase of
any disturbance. The other three displays show the digital trigger for the time synced testing, the
current requested turbocharger position, and the current requested EGR valve position.
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Figure F.4: SpeedGoat Controller Run-Time Displays

Finally, the HPEGR and VNT controller and SpeedGoat outputs are shown in Figure
A.14. The module outputs can be seen in the right hand of the screenshot. The Analog output
block is shown in the top right corner. It includes two outputs for power supply to 5V sensors on
the engine and one output for a digital relay to the VNT and HPEGR controller circuits. The
digital outputs of the IO311 module are maintained high; therefore a relay with a delay timer
interrupts the circuit for the first half second of each run. This action avoids an initial power
surge through the VNT and EGR circuit due to the full duty cycle supplied by the startup of the
SpeedGoat IO311. The two large grey blocks represent the PWM outputs of the SpeedGoat
IO311 module. The PWM module is supplied a compare count value that sets the PWM
frequency and a PWM duty-cycle value to control the HPEGR and VNT with. The large green
block contains the duty cycle controller for each valve. The blocks on the left side are set to
control VNT and HPEGR set point, circuit amperage, or PWM duty cycle. The Transient Signal
Build block contains maps for transient event position requests for each of the systems. The
DyneSysDI represents the digital input from the DyneSystems C4 panel, which is used to
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synchronize the position control to the transient events. The same signal is sent to two blocks, the
turbo transient switch and the EGR transient switch, which flips control from the steady state set
point to the transient set points. The Cal Signal Build block was only used for PID tuning of the
two systems. The next 6 green blocks on the left side of the figure are used to control PWM duty
cycle, circuit amperage, or turbocharger position and EGR requests during the runs. The first
block is always set to 1 and the second block is a slider gain that applies to the value of one. The
slider gain can be manipulated during runtime, and therefore is the only way to manually set any
of the parameters. The orange blocks import variables for possible use in the VNT and HPEGR
controller. Saturation blocks have been used to limit the requested values in the system. The
control of the turbocharger position may be directly controlled, but EGR position is controlled
indirectly through the PWM duty cycle command. The transient EGR signal sent to the PWM
duty cycle command has been augmented through a map converting position to PWM value.
Each override is set automatically within the controller.
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Figure F.5: SpeedGoat Controller Overview
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The VNT and HPEGR duty cycle controller requires a more in depth discussion. The two
control flows can be seen in figure A.15. The top system controls the VNT duty cycle and the
bottom system controls HPEGR duty cycle. The VNT position error is passed to the
TurboCurrentGov block. The block contains a PID that sets the desired turbocharger current. The
desired current is then sent to a CurrentToPWM map, which converts the requested current into a
duty cycle. The desired duty cycle is passed to the saturation block, which limits the duty cycle
output and sends a signal to the current governor block in case of saturation. There are three
switches in the circuit. The first two override the desired current and PWM, respectively. The
override occurs anytime a value greater than 0 is passed through into the block as a current or
duty cycle request. The third block is set to monitor turbocharger speed and open the VNT
position in the case of turbocharger over speed. The speed is passed to a value compare block
that returns a Boolean value. The Boolean value then overrides the PWM desired in the case of
over speed. The TurboPWMGov is nullified with 0 multipliers in the current controller but is left
in the controller for future use. The feedback of the TurboPWMGov may be used to correct any
current errors occurring in the controller. The EGR controller applies the same strategy. Though,
the current research doesn’t require the EGR rate or mass flow setpoint tracking. Since the
tracking is not necessary, the EGRCurrentGov and EGRPWMGov have been bypassed in this
controller. The PWM request is overridden and the desired PWM is passed to the saturator which
limits the PWM output.
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Figure F.6: HPEGR and VNT Control Loop
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The common governor design can be seen in Figure A.16. The governor blocks contain a
gain look up, integral selector, integral logic controller, and saturator. The gain look up sets the
value of each of the PID gains and multiplies the error by each. The integrator value is then
passed to the integral selector which either initializes the integral, holds the integral, or adds the
passed value to the last integral value depending upon the command of the controller logic. The
PID values are then added and passed to the saturator which limits the output of the block and
sends a saturation signal to the logic controller.

Figure F.7: PID Controller Block

Figure A.17 shows the PID coefficient selection occurring inside of the Turbo Gain Look
Up block shown in the previous figure. The PID coefficient can be set with linear and non-linear
methods. In the case of the VNT control, a constant Kp and Ki along with a Non-linear Kp and
KI map proved to be the most successful at controlling the VNT position. The blocks on the right
are commented out, effectively hiding them from the code compiler. The Kd parameter has been
nullified in this case due to VNT position sensitivity.
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Figure F.8: PID Coefficient Block

215

APPENDIX G: SPEEDGOAT AND CANAPE CONTROL INTEGRATION
The Speedgoat and CANape systems can be integrated together, to allow CANape
control of the SpeedGoat ECM and SpeedGoat Control of the stock ECM. The connect speed is
limited; therefore the controller design allowed is limited. Data may be transferred from one
program to the other at a rate of 10 Hz. The data transfer rate may be faster in the future. The
data is transferred via onboard Ethernet protocol, with a specified port and communication
standard. Though this speed may not be beneficial for most controllers, it does allow for
elementary parameter passing. This method can be used for set point manipulation.
Figure A.18 shows the Ethernet block as it is set in the main SpeedGoat source file. The
Ethernet block sets a code in the SpeedGoat controller to communicate through the
communications port requested in the block. The compiler of the SpeedGoat model must then be
set to generate CANape enabled .A2L file. This file is similar to the .A2L used by CANape to
interface with the stock ECU. Therefore, a virtual and programmable ECU may be made out of
the SpeedGoat operating system. When the .A2L file is imported into the CANape project, each
of the parameters within the SpeedGoat model will be accessible through the communications
port established in the SpeedGoat main file.
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Figure G.1: Ethernet Port Block in the SpeedGoat Main File

Parameter manipulation is the same as any other variable in the SpeedGoat model. The
parameter should be applied to the model as a constant value block. The constant value block
may then be overridden by a CANape command at runtime. Note, that a typical constant value
block may not be altered at run time. An exception is made for this volatile parameter.
The parameter may be used in a scripting file in CANape to either manipulate the
parameter value or use the parameter value to set some other parameter. The script or function is
written in a code similar to C and C++. The CANape scripting file should be synced with the
parameters and their operating speeds, though this is not necessary. The file may be set to run on
an event, such as another parameter’s update, or on a cyclic schedule. The parameter may then
be monitored, manually controlled, or automatically controlled as any other.
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The system should be implemented in such a way, that only the slowly parameter should
be pasted to the Simulink model loaded to the SpeedGoat. Thereby, allowing the SpeedGoat to
operate as quickly as necessary to complete the required experimental work.
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APPENDIX H: OPTIMIZATION OF STEADY STATE OPERATING POINTS
The steady state operating points are shown in Table H.1. The operating point selection
has been discussed in section 3.12. Briefly stated, the operating points are selected as the starting
and ending points of the transient events as well as an intermediate point in each transient event.

Operating Point
1
2
3
4
5
6

Table H.1: Steady State Operating Points
Speed
1200
1200
1200
1600
1600
2000

Load
100
300
500
300
500
500

The following figures show the BSPM, BSNO, and BSFC at each of the operating points shown
in Table H.1
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Figure H.1: BSFC Surface at 1200 rpm and 100 lb-ft load
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Figure H.2: BSNO Surface at 1200 rpm and 100 lb-ft load
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Figure H.3: BSPM Surface at 1200 rpm and 100 lb-ft load
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Figure H.4: Optimization Surface at 1200 rpm and 100 lb-ft load

The optimization at 1200 rpm and 100 lb-ft was chosen at roughly 5 kPa boost and 27%
EGR. The VNT and HPEGR positions were chosen as 25% and 90%, respectively.
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Figure H.5: BSFC Surface at 1200 rpm and 300 lb-ft load
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Figure H.6: BSNO Surface at 1200 rpm and 300 lb-ft load
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Figure H.7: BSPM Surface at 1200 rpm and 300 lb-ft load
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Figure H.8: Optimization Surface at 1200 rpm and 300 lb-ft load

The optimization at 1200 rpm and 300 lb-ft was chosen at roughly 22 kPa boost and 27%
EGR. The VNT and HPEGR positions were chosen as 40% and 90%, respectively.
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Figure H.9: BSFC Surface at 1200 rpm and 500 lb-ft load
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Figure H.10: BSNO Surface at 1200 rpm and 500 lb-ft load
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Figure H.11: BSPM Surface at 1200 rpm and 500 lb-ft load
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Figure H.12: Optimized Surface at 1200 rpm and 500 lb-ft load

The optimization at 1200 rpm and 500 lb-ft was chosen at roughly 60 kPa boost and 32%
EGR. The VNT and HPEGR positions were chosen as 45% and 50%, respectively. The
operating point is more difficult to optimize, therefore the general contour of the optimization
surface was used to approximate an optimum position. The chosen position showed a good
balance of BSNO, BSPM, and BSFC optimization.
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Figure H.13: BSFC Surface at 1600 rpm and 300 lb-ft load
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Figure H.14: BSNO Surface at 1600 rpm and 300 lb-ft load
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Figure H.15: BSPM Surface at 1600 rpm and 300 lb-ft load
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Figure H.16: Optimization Surface at 1600 rpm and 300 lb-ft load

The optimization at 1600 rpm and 300 lb-ft was chosen at roughly 55 kPa boost and 22%
EGR. The VNT and HPEGR positions were chosen as 30% and 20%, respectively. The
optimization of the 1600 rpm and 300 lb-ft operating point required reasoning due to various
optimization points. The middle peak was chosen as the appropriate operating point. The other
two lead to drastic reductions in BSPM or BSNO and BSFC but had extreme increases in the
other values. The middle peak proved to be the most reliable.
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Figure H.17: BSFC Surface at 1600 rpm and 500 lb-ft load
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Figure H.18: BSNO Surface at 1600 rpm and 500 lb-ft load
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Figure H.19: BSPM Surface at 1600 rpm and 500 lb-ft load
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Figure H.20: Optimization Surface at 1600 rpm and 500 lb-ft load

The optimization at 1600 rpm and 500 lb-ft was chosen at 78 kPa boost and 20% EGR.
The VNT and HPEGR positions were chosen as 15% and 10%, respectively. The optimization of
the 1600 rpm and 500 lb-ft operating point required reasoning due to two different optimization
points. The lower peak was chosen as the appropriate optimization for the operating point. The
higher optimization position would provide similar emissions reduction but could increase fuel
consumption more drastically in the transient.
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Figure H.21: BSFC Surface at 2000 rpm and 500 lb-ft load
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Figure H.22: BSNO Surface at 2000 rpm and 500 lb-ft load
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Figure H.23: BSPM Surface at 2000 rpm and 500 lb-ft load
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Figure H.24: Optimization Surface at 2000 rpm and 500 lb-ft load

The optimization at 2000 rpm and 500 lb-ft was chosen at 105 kPa boost and 20% EGR.
The VNT and HPEGR positions were chosen as 10% and 10%, respectively. The optimization of
the 2000 rpm and 500 lb-ft operating point was chosen to avoid the regions of high BSPM,
BSNO, or BSFC values. The engine showed no fuel consumption savings from higher boost
pressures and excessive BSPM at higher EGR rates so conservative EGR and VNT positions
were selected.

243

APPENDIX I: RAW TRANSIENT DATA
The data provided in the body of the dissertation shows BSFC, BSNO, and BSPM with
respect to engine operating points. This is beneficial in simplifying the optimization procedure
and understanding the reaction of the engine to the various events. The raw data produced during
the transient events may be informative as well, though proved to be too cumbersome to be
included in the body of the dissertation. Graphs of raw particulate in micrograms per cubic meter
exhaust, raw NO production in PPM, and fuel consumption in kilograms per hour are provided.
The figures only show a screenshot of the time around the event in each case.

Figure I.1: Load Acceptance Transient Loading Ramp Rate versus Time
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Figure I.2: Load Acceptance Transient Fuel Consumption versus Time
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Figure I.3: Load Acceptance Transient Raw NO Production versus Time
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Figure I.4: Load Acceptance Transient Raw PM Production versus Time
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Figure I.5: Speed Increase Transient Speed Ramp Rate versus Time
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Figure I.6: Speed Increase Transient Fuel Consumption versus Time
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Figure I.7: Speed Increase Transient Raw NO Production versus Time

250

Figure I.8: Speed Increase Transient Raw PM Production versus Time
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Figure I.9: Speed and Load Increase Transient Load Ramp Rate versus Time
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Figure I.10: Speed and Load Increase Transient Fuel Consumption versus Time
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Figure I.11: Speed and Load Increase Transient Raw NO Production versus Time
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Figure I.12: Speed and Load Increase Transient Raw PM Production versus Time
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APPENDIX J: TRANSIENT OPTIMIZATION DATA
The following figures are provided to support the optimization data provided in the body
of the dissertation. The figures provided are raw values with respect to time. Due to the large
number of series, the series time sync may not match exactly between optimizations. Though
timing might not match exactly, the raw data still provides detail of the optimization and
transient quality.

Figure J.1: Fuel Consumption versus Time for Optimization Strategies 1 Through 5 in the Load
Acceptance Transient
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Figure J.2: Fuel Consumption versus Time for Optimization Strategies 6 Through 10 in the
Load Acceptance Transient
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Figure J.3: NO Production versus Time for Optimization Strategies 1 Through 5 in the Load
Acceptance Transient
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Figure J.4: NO Production versus Time for Optimization Strategies 6 Through 10 in the Load
Acceptance Transient
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Figure J.5: PM Production versus Time for Optimization Strategies 1 Through 5 in the Load
Acceptance Transient
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Figure J.6: PM Production versus Time for Optimization Strategies 1 Through 5 in the Load
Acceptance Transient
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Figure J.7: Fuel Consumption versus Time for Optimization Strategies 1 Through 5 during the
Speed Increase Transient
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Figure J.8: Fuel Consumption versus Time for Optimization Strategies 6 Through 10 during the
Speed Increase Transient
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Figure J.9: NO Production versus Time for Optimization Strategies 1 Through 5 during the
Speed Increase Transient
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Figure J.10: NO Production versus Time for Optimization Strategies 6 Through 10 during the
Speed Increase Transient
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Figure J.11: PM Production versus Time for Optimization Strategies 1 Through 5 during the
Speed Increase Transient
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Figure J.12: PM Production versus Time for Optimization Strategies 6 Through 10 during the
Speed Increase Transient
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