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ABSTRACT

The commercial vehicle sector is an important enabler of the economy and is heavily
dependent on fossil fuels. In the fight against climate change, reduction of emissions by
improving fuel economy is a key step for the commercial vehicle sector. Improving fuel
economy deals with reducing energy losses from fuel to the wheels. This study aims to analyze
efficiency improvements for two systems that are important in reducing CO2 emissions -
hybrid powertrains and natural gas engines. At first, a prototype series hybrid powertrain
was analyzed based on on-highway data collected from its powertrain components. Work
done per mile by the electrical components of the powertrain showed inefficient battery
operation. The net energy delivery of the battery was close to zero at the end of the runs.
This indicated battery was majorly used as an energy storage device. Roughly 15% of losses
were observed in the power electronics to supply power from battery and generator to the
motor. Ability of the hybrid system to capture regenerative energy and utilize it to propel
the vehicle is a primary cause for fuel savings. The ability of this system to capture the
regenerative energy was studied by modeling the system. The vehicle model demonstrated
that the system was capturing most of the theoretically available regenerative energy. The
thesis also demonstrates the possibility of reduction of vehicular level losses for the prototype
truck. Drag and rolling resistance coefficients were estimated based on two coast down tests
conducted. The ratio of captured regenerative to the drive energy energy for estimated drag
and rolling resistant coefficients showed that the current system utilizes 4%-9% of its drive
energy from the captured regenerative energy. Whereas a low mileage Peterbilt 579 truck
could increase the energy capture ratio to 8%-18% for the same drive profile and route.
Decrease in the truck’s aerodynamic drag and rolling resistance can potentially improve the
fuel benefits.

The second study aimed to reduce the engine level pumping losses for a natural gas spark
ignition engine by cylinder deactivation (CDA). Spark ignited stoichiometric engines with an
intake throttle valve encounter pumping/throttling losses at low speed, low loads due to the
restriction of intake air by the throttle body. A simulation study for CDA on a six cylinder

natural gas engine model was performed in GT- Power. The simulations were ran for steady
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state operating points with a torque range 25-560 ftlbs and 1600 rpm. Two , three and four
cylinders were deactivated in the simulation study. CDA showed significant fuel benefits with
increase in brake thermal efficiency and reduction in brake specific fuel consumption depend-
ing on the number of deactivated cylinders. The fuel benefits tend to decrease with increase
in torque. Engine cycle efficiencies were analyzed to investigate the efficiency improvements.
The open cycle efficiency is the main contributor to the overall increase in the brake thermal
efficiency. The work done by the engine to overcome the gas exchange during the intake and
exhaust stroke is referred to the pumping losses. The reduction in pumping losses cause an
improvement in the open cycle efficiency. By deactivating cylinders, the engine meets its low
torque requirements by increase in the intake manifold pressure. Increased intake manifold
pressure also resulted in reduction of the pumping loop indicating reduced pumping losses.
A major limitation of the CDA strategy was ability to meet EGR fraction requirements.
The increase in intake manifold pressure also caused a reduction in the delta pressure across
the EGR valve. At higher torques with high EGR requirements CDA strategy was unable
to meet the required EGR fraction targets. This limited the benefits of CDA to a specific
torque range based on the number of deactivated cylinders. Some variable valve actuation
strategies were suggested to overcome this challenge and extend the benefits of CDA for a

greater torque range.
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1. INTRODUCTION

1.1 Motivation

Climate change caused due to increase of greenhouse gases in the atmosphere, is a primary
threat to our planet and human civilization. According to Gates [1] , to avoid serious impacts
of climate change, the current greenhouse gas emissions of 51 billion tonne per year need to
be brought down to zero. This number of 51 billion tonne of annual GHG emissions reduced
by about 5% in the year 2020 due to a standstill in human activity caused by the COVID-
19 pandemic. A drastic reduction in GHG emissions at the expense of dire consequences
to world economy and human livelihood is not ideal. To tackle climate change, efforts on
improving the current energy pathways are critical.

World energy demands keep on rising. The high dependence on fossil fuels to meet energy
demands is due to high energy density, reliability and cost. If left unchecked, there is a threat
that non-renewable sources would be exhausted. Figure 1.1 indicates that the rate of finding
new oil reserves is a constant at 1600 billion barrels for the past decade [2]. On the contrary,
world petroleum consumption has kept on rising and doesn’t show any significant signs to
slow down. It can be estimated that the oil reserves can be exhausted in the next 60 years if
the current trends continue. Hence, there is an urgency to work on better energy utilization

and improve efficiencies of existing technologies dependant on fossil fuels.
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Figure 1.1. World Oil Reserves and Consumption
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1.1.1 Commercial Vehicle Space

Commercial vehicles play an important role in enabling the world economy, and is sig-
nificantly dependent on fossil fuels like diesel and natural gas. The trucking industry in the
US employs 7.1 million people and responsible for 80% of total cargo movement [3]. There
is strong correlation between GDP and commercial vehicles sold for any country. While the
transportation sector accounts for 28% of the total GHG emissions, medium and heavy-duty
trucks account for the second highest emissions after light duty vehicles [4].

The commercial vehicle market by fuel type is shown in Figure 1.2. The medium and
heavy-duty market is dominated by diesel. The share of diesel powered medium and duty
trucks is expected to decrease to 66% in 2040 compared to 80% in the US today, per findings
of the IHS Markit study [5]. Although, the BEV has made a significant entry in the light-duty
passenger segment, the adoption of battery technology is difficult in the medium-heavy duty
segment accounting to the lower energy density of batteries. Natural gas fueled trucks, having
the advantage of low NOx emissions would be the second most sold fuel type of commercial
vehicles. Hybrid powetrains and hydrogen fuel cell powered vehicles are expected to increase

their market share as well.

Rivalry scenario: Heavy sales by fuel type

- - . . .
0%
2010 2020 2030 2040 2010 2020 2030 2040

Medum Heavy
mGasoline mDiesel WNaluralGas ®Hybrid WElectric = Fuel Cell

Figure 1.2. Commercial vehicle market by fuel type

With huge implications on the overall GHG emissions as well as dependence on fossil
fuels, regulators are keen to save every drop of fuel by implementing aggressive regulations

in the commercial vehicle space.
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Figure 1.3. CAFE standards for fuel economy

1.1.2 Homologation Requirements

Government bodies across the globe implement rules and regulations to keep the fuel
usage and emissions in check. NHTSA’s Corporate Average Fuel Economy (CAFE) standards
are implemented with an aim to reduce the energy consumption by increasing fuel economy
of vehicles [6]. The CAFE program requires all the manufacturers of passenger cars and truck
to meet the CAFE standards of fuel economy. The CAFE standards are to be implemented
in 2 phases, as shown in Figure 1.3. For class 7-8, heavy-duty vehicles the current MPG
standards lie around 6 miles per gallon and is expected to be around 8 miles per gallon in
Phase 2.

Adherence to the homologation requirements serves as an external pressure not only on
engine manufacturers but also vehicle manufacturers. These external pressures have gener-
ated a need to keep exploring methods of efficiency improvement on engine level, powertrain

level and vehicle level.

1.1.3 Technology Development

Based on the homologation requirements and to conform with the regulations, OEM’s are
investing in all technology developments. For the commercial vehicle segment, reduction in

NOx and CO2 emissions are the primary drivers for new technology development and adop-
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Figure 1.4. Technology transition to meet emission regulations [7]

tion. Figure 1.4 shows a placement of different engine powertrain development technologies
undertaken by Cummins Inc. based on the CO2 and NOx emission reduction capability
with respect to each other [7]. Yellow line signifies the Phase 2 of the GHG emission norms
set by EPA, to be implemented in 2027. Many technologies can conform to these norms.
Conventional CDA on diesel engines using valvetrain flexibility has demonstrated to have
significant fuel benefits by previous colleagues at Purdue [8],[9],[10].

High efficiency natural gas engines along with strong hybrid powertrains are projected
to provide the best results for ultra low NOx and CO2 emmissions. These two technologies
that lie at the bottom of the Technology transition Figure 1.4 are the basis of this thesis

work.

1.2 Objective

The following study investigates efficiency improvement for the commercial vehicle in-
dustry by exploring two different systems. One on the powertrain and vehicle system level
and the other on the engine level. Both systems are pathways to reduced CO2 emissions

along with improved fuel economy.
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(A) Series hybrid powertrain of a class 8 truck.

A prototype class 8 truck with a series hybrid powertrain was developed by a startup
based in Florence, Kentucky. The objectives of the study were to collect and analyze data
from the on-highway tests, understand behaviour of the powertrain components, give in-
sights on the powertrain efficiencies , model the system for analyzing system level losses and
recommend any additions or betterment for future development.

(B) Natural Gas engine for medium duty applications.

A simulation based analysis of the B6.7N Cummins natural gas engine was demonstrated.
The overall objective was to demonstrate the capabilities of different valvetrain flexibility
strategies in simulation as a precursor to experimental work in an Engine test cell. This
study specifically discusses the Cylinder Deactivation strategy implemented on the engine
1D simulation model to analyze its effects on efficiency improvements.

Both the studies had the common goal of analyzing efficiency improvements , although

one focused on a vehicular level and other on the engine level.

1.2.1 Other Contributions

Apart from the above mentioned work, the author also worked on building the engine test
cell for natural gas capabilities, and its baseline testing at Herrick Laboratories at Purdue

University.

1.3 Background

1.3.1 Hybrid Powertrain

An engine aided with a battery electric power to drive the wheels of a vehicle is called a
hybrid powertrain [11]. Depending on how the power is split between the engine and battery,
hybrid powertrains are broadly classified as parallel, series and series-parallel split hybrid
powertrain. The series and hyrid architectures are shown in Figure 1.5 and 1.6. In parallel
hybrids, the final drive can be driven independently by an engine and an electric motor. In
series hybrid systems, the final drive is by the electric motor. The electrical energy supplied

to the motor is by a battery source or by a generator run by an engine.
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Figure 1.6. Parallel Hybrid Architecture

In both cases, the hybrid powertrain helps the engine to operate efficiently. The engine
operation is inefficient in certain applications like idling and stop-and-go. The major ad-
vantages of HEV’s is enabling an optimized engine operation. The battery power can be
utilized during idling or stops. Optimized engine operation means not only fuel savings but
also reduced emissions. Use of hybrid powertrain also enables down-sizing of the engine to
meet the same power demands.

Another major advantage of incorporating a hybrid powertrain is the ability to capture
kinetic energy during braking also called as regenerative energy. An energy storage device
like a battery stores this regenerative energy during baking and can be used again to propel

the vehicle.
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1.3.2 S.I Engine Limitations

A typical spark ignited natural gas engine torque curve is shown in Figure 1.7. The
torque curve demonstrates operating points of the engine. Based on the engine operation /
torque curve, the performance limitations of a spark ignited engine can be broadly classified
into three zones :

(i) Part load throttling losses at low loads

(ii) Knock at high rpm and

(iii) Fuel Enrichment at high load high rpm regions.

The spark ignited engines have stoichiometric operation, defined as operation with a
constant air to fuel ratio. A fixed air-to-fuel ratio means as load demand increases, both the
fuel flow and air flow are raised to meet increased load demands.

Unlike C.I engines , where the air-fuel-ratio is varied to meet varied torque demands, S.I
engines have stoichiometric operation by deploying a throttle valve at the intake manifold to
control varying loads. The throttle valve restricts the air flow when the engine is operating
at low loads. Restricting intake air flow results is engine doing more work in pumping gases.
The losses incurred at low loads are called part load throttling losses. The study focuses on

tackling these losses through implementation of valvetrain strategy of cylinder deactivation.
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Figure 1.7. P-V diagram for a four-stroke S.I engine
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2. SYSTEM DESCRIPTION

This chapter will describe the 2 systems in consideration for efficiency evaluation. First a
detailed overview of the system architecture of the Series Hybrid Powertrain of class 8 truck
is given and then details of the B6.7N Natural Gas engine is discussed. This engine would be
experimentally run in the Purdue Herrick Lab test cell facility. Although the thesis discusses
simulation of the engine it is necessary to understand the experimental setup and working of
the system. The chapter also discusses the VVA system at Purdue university which would
be used for experimental testing of valvetrain flexibility strategies like CDA discussed in the

thesis.

2.1 Series Hybrid Powertrain for a Class 8 Prototype Truck

A class 8 sleeper cab truck was modified by converting the I.C engine powertrain to a
series hybrid powertrain. This prototype truck was used for on-highway testing. The series
hybrid powertrain has a 6.7-liter diesel engine, a three-phase synchronous AC generator, a
three-phase 200 HP induction motor, a lithium-ion battery pack constructed from two 85-
kWh Tesla Model 3 battery packs connected in series and a 10 speed transmission gearbox.
The details of the powertrain components are given in the Table 2.1.

The engine drives the generator via a mechanical coupling. The generator generates the
electrical energy which is complimented by the electrical energy supplied by the battery.
The power electronics box houses the variable frequency drive (VFD). A control algorithm
implemented by the Power electronics decides the percentage of generator and battery energy

supplied to drive the motor as well as energy stored in the battery during regeneration.

Table 2.1. Prototype Truck Series Hybrid Powertrain Components

Component Details
Engine Cummins ISB 6.7L C.I Engine
Generator ~ Marathon 3 Phase Synchronous AC Generator
Motor Marathon 200 HP Induction Motor
Battery Tesla Model 3

Transmission Eaton Ultra Shift 10 Speed RTO- 16910
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The system was equipped with data acquisition system for all electric components of the
powertrain as seen in Figure 2.1. A PEL103 Power and Energy data logger measured the
electric current and voltage on the 3 phase electric machines to derive power.These data
loggers connected to the electric machines were on board in the truck and captured real time
data during the on-highway tests. A TESLA Battery management system (BMS) measured
the battery state of charge, current and voltage. Apart from the electric component data
loggers, the truck was also equipped with a GPS based speed and position sensor to log truck

velocity and position in 3 dimensions.

Generator Data Logger Motor Data Logger
Current Current
Voltage Voltage
Power Power
Diesel I.C. Variable Transmission
. =—p Generator . Motor (<= . .
Engine Frequency Drive & Differential
Mechanical Linkage %Y
Tesla BMS:
DC Electrical Linkage Battery Current
3 Phase AC Electrical Linkage Voltage
Power
State of Charge

Figure 2.1. Series hybrid system diagram

Being a series hybrid, the focus of analysis is in the electrical energy flow. A simplified
system diagram is used as shown in Figure 2.2 to highlight the electric energy pathways. The
variable frequency drive and power controller are together coupled to represent the power
electronics block.

The propulsive power flow to the motor and discharge power from the battery corresponds
to positive power for notation. Similarly, the regenerative power flow motor and charge to

the battery corresponds to negative power flow.
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Figure 2.2. Simplified system block diagram showing selected reference directions
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Table 2.2. Engine Specification

Model B6.7N
Displacement 6.7 litre
Maximum Horsepower 240HP / 179KW

Peak Torque 5601b-ft / 759Nm

2.2 Natural Gas Engine

The engine in evaluation is a Cummins Westport Inc. make, six cylinder, stoichiometric
spark-ignited, natural gas combustion engine. The B6.7N is equipped with a cooled EGR,
charge air cooler (CAC), wastegate turbocharger and a TWC for aftertreatment.The engine
specifications are shown in Table 2.2.

Figure 2.3 shows the schematic details of the engine. The engine schematic is representa-
tive of the GT Power model used for simulation. The engine has a split exhaust manifold to
drive exhaust gas through the EGR loop and through the wastegate to the TWC. The boost-
pressure controller actuates the wastegate valve to drive the turbine of the turbocharger. The
turbine is connected to the compressor which compresses the air that boosts the inlet air
pressure to meet elevated torque demands. The compressed intake air is passed through
a charge-air-cooler (CAC) system to decreases its temperature before entering the intake
manifold. Demanded torque is controlled by the torque controller by actuating the intake
throttle valve. A stoichiometric AFR controller actuates the fuel injector to maintain a
air-to-fuel ratio of 12.7. The exhaust re-circulation loop has an EGR fraction controller to

control the EGR valve to meet the EGR fraction demands.

2.3 Variable Valve Actuation System

The VVA system is a full flexible camless valve actuater which allows full control of
valve events of the engine. It has electro-hydraulic linear actuators for each intake and
exhaust valve pair. The VVA system is shown in Figure 2.4. It is important to note that the
VVA system is used for experimental testing of VVA strategies like CDA. For the purpose

of this work, the VVA strategies were implemented in simulation environment. Knowing
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the physical VVA system is essential to understand the real world implementation of the

simulation analysis.
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3. METHODOLOGY

This chapter covers the on-highway testing conducted between October 2019 and January
2020 over two routes for a range of payload weights. This chapter also covers the GT-Power

model Setup for the simulation of cylinder deactivation of the natural gas engine.

3.1 On-highway Testing of Class 8 Truck

The prototype truck was equipped with data acquisition systems to collect real time
data during on-highway tests. In total, 21 highway tests were conducted, in addition to 2

coast-down tests.

3.1.1 Data Collection Routes

The prototype truck has an application as a freight carrier and hence routes were selected
along Interstate Highways in Indiana and Kentucky representing freight paths. The hybrid
system with a capability to capture regenerative energy during downhill or braking performs
differently on a flat road vs hilly conditions. The selected routes provided these different

conditions.

Lexington Test Route

The first set of testing was conducted on I-75 in Kentucky from Florence to Lexington as
shown in Figure 3.1. This route covered a distance of 100kms and could be covered multiple
times in a single test day. This test route has small ups and downs due to some hilly terrains
which can be seen in the grade plot in Figure 3.2. This allowed the hybrid system to capture

regenerative energy in downhill segments.
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Indianapolis Test Route

The Indianapolis test route shown in Figure 3.3 was on I-74 and I-70 in

Indiana and

covered a distance of roughly 140kms. This route is flatter as seen from the grade plot 3.4

and did not provide many opportunities for the hybrid powertrain to capture the regenerative

energy.
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Data Sets

A total of 21 on highway test were performed that are summarized in the Table 3.1.
However, some tests had battery timestamp recordings incorrect and a test with GPS data

missing which made 10 of the 21 tests usable for analysis.
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Table 3.1. List of On-Highway Test Runs

Date Route Weight [Ib] | Data Anomalies
27 September 2019 | Lexington 52,720
10 October 2019 Lexington 52,720
14 October 2019 Lexington 52,720
15 October 2019 Lexington 55,800
16 October 2019 Lexington 55,800 BMS timestamp jumps
17 October 2019 Lexington 55,800 BMS timestamp jumps
18 October 2019 Lexington 55,800 BMS timestamp jumps
19 October 2019 Lexington 55,800 BMS timestamp jumps
20 October 2019 Lexington 55,800 BMS timestamp jumps
22 October 2019 Lexington 55,800
23 October 2019 Lexington 55,800
24 October 2019 Lexington 60,120
28 October 2019 Lexington 60,120 BMS timestamp jumps
29 October 2019 Lexington 60,120 BMS timestamps rounded
to nearest minute
1 November 2019 Lexington 60,120 BMS timestamp jumps
2 November 2019 Lexington 60,120 BMS timestamp jumps
4 November 2019 Lexington 60,120 GPS data missing after 2.5
hours
9 January 2020 Indianapolis 58,200
13 January 2020 | Indianapolis 55,800
14 January 2020 | Indianapolis 55,800 BMS timestamp jumps &
missing generator data after
1 hour
20 January 2020 | Indianapolis 55,800 BMS timestamp jumps &
generator data doesn’t ap-
pear to match

36




3.1.2 Coast Down Tests

In addition to the on-highway tests, 2 coast down tests were performed for estimating
the truck’s drag coefficient, Cy, and rolling resistance coefficient, p. These were important
parameters that were used for the modeling of the truck to analyze system efficiency losses,
explained in the chapter Systems Modeling. In each test, the vehicle was accelerated to
an initial velocity (40 and 50mph in this case) and allowed to coast to stop on a near-level
roadway. Ideally the test should be on a flat road and similar to the on-highway conditions.
The road on the US-42 West Kentucky was chosen with a 2km straight section, as shown in

Figure 3.5.
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Figure 3.5. Coast-down test route map for US-42 W
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3.2 GT Power Simulation

GT-Power is a system level simulation software by Gamma Technologies used by engine
manufacturer’s for engine performance simulation. It is a multi-physics 1-D simulation tool.
1D simulation tools have significant advantages in reducing the computational time in com-
parison to 3D simulations, demand less computing power and a good first step for engine
design and performance testing. The author’s research team was provided with a GT-Power
model developed by the sponsors with an objective to run simulations of valve-train flexibility

strategies and analyze its effects on efficiency improvements.

3.2.1 Model Setup

The GT-Power model schematic shown in Figure 3.6 is representative of the engine
discussed in section 2.2. The model contains submodels of the mixer, intake manifold,
intake-exhaust valves connecting the short block/engine block, exhaust manifold, charge air
cooler, EGR loop and a turbocharger. The model doesn’t include the after-treatment system.
It also incorporates four controllers - Turbo-wastegate controller, EGR valve controller, A-F
ratio controller and a throttle controller which are stock GT-Power templates.

Simulation inputs were targets for the controllers. AFR was fixed with a value 12.7. To
concentrate the efforts , engine speed was kept constant at 1600 rpm for all simulation runs.
Desired torque was varied from 25ftlbs to 560lbs. The EGR fraction targets corresponding
to full load condition was known to be 22%. EGR targets were interpolated based on the
torque values and verified that the EGR controller attained steady state for 6-cylinder firing,
Baseline simulations. The engine is naturally aspirated in the torque region of 25-125ftlbs
and needs boosting at loads above 125ftlbs in the 6-Cylinder firing, baseline operation. The
boost pressure targets were varied manually for each case to ensure stable operation of the

Turbo-wastegate controller.
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Figure 3.6. Simulation model in GT-Power

3.2.2 Data Set

The model was ran for steady state data points at a constant 1600 rpm engine speed and

a torque range of 25ftlbs to 560ftlbs. The simulation points ran are summarized in table 3.2.
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Table 3.2. GT-Power Steady State Simulation Test Points

Sr. No. | Torquelftlbs| | Speed[rpm]| | EGR fraction [percent]
1 25 1600 6.10
2 50 1600 6.88
3 75 1600 7.66
4 100 1600 8.44
5) 125 1600 9.22
6 150 1600 9.99
7 200 1600 11.54
8 250 1600 13.11
9 300 1600 14.65
10 350 1600 16.22
11 400 1600 17.76
12 450 1600 19.33
13 500 1600 20.87
14 560 1600 22.75

3.2.3 Limitations

The simulation model has its limitations and its primary role is to provide a foundation

for design of experiments for engine testing in the test cell.

The primary limitation of the model is that for all the simulation cases, there is a constant
Heat release rate that is imposed. The constant heat release rate shown in Figure 3.7 is
imposed in the initial model setup. This implies that the combustion and heat exchange

analysis may not be truly representative of the engine operation. This affects the analysis

of the closed cycle efficiency.
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Figure 3.7. Imposed heat release rate

3.2.4 CDA Setup

Intake and exhaust valves are modeled for all the cylinders. Independent valve models
gives the capability to run valvetrain flexibility strategies in the simulation environment.
Valve profiles are the inputs to the GT-Power setup file. For cylinder deactivation, valve
lifts of the deactivated cylinders are input as zero . Flat valve profile with zero lift results
in no firing in the deactivated cylinders as can be seen from the in-cylinder results from the

GT-Post (post processing) file.

3.2.5 Cycle Efficiency

Engine efficiency can be determined by analyzing the cycle efficiencies of the four stroke
spark ignition engine. The overall efficiency also called the brake thermal efficiency (BTE)
of the engine is defined as the total output per input fuel energy. [12]

Pbrake (31>

Nthermal = —
1M * Qi

Pyrare is the output brake power, is the mass flow rate and Qy,, is the lower heating

value of the fuel. The above equation 3.1 is helpful during engine testing when the output
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power is being measured on a dynamometer and accurate measurements of fuel flow rates
can be made. The composition of a natural gas as fuel may vary slightly depending where
the refueling is done which may affect the lower heating value of the fuel.

Hence, another method to determine the BTE of the engine is based on thermodynamic

processes of the four stroke spark ignited engine. The BTE can be expressed as :

Nthermal = Meclosed * 77open * Nmechanical (32)

where open, Netosed NA Nmechanicar 15 the Open Cycle Efficiency (OCE), Closed cycle efhi-
ciency (CCE) and Mechanical Efficiency (ME), respectively. The Pressure-Volume plot in
3.8 demonstrates a four stroke s.i engine cycle. The area represented as +W indicating work
done by the system signifies the closed cycle. Closed cycle is the time period when both
valves are closed i.e from IVC to EVO in Figure 3.8 and open cycle is the time period where
both intake and valves are open. The area represented as -W is the open cycle, where engine
has to overcome work to transfer working fluid.

Based on the PV plot, gross indicated mean effective pressure, pumping mean effective

pressure and net indicated mean effective pressure are defined as-

AreaClosedLoop

GIMEP = (3.3)
Vy
A
PMEP = "¢ 0penLoop (3.4)
Vy
NIMEP =GIMEP — PMEP (3.5)

where Vd is the volumetric displacement of the engine.
The closed cycle efficiency represents the efficiency during the combustion process and is

calculated as :

GIMEP %V,

Neclosed = :
1 * Qi
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The Open cycle efficiency is related to the pumping of gases. The open cycle efficiency is
defined as the ability of the engine to transfer the charge into and out of the cylinder.

PMEP

+ GMEP (3.7)

Topen = 1

The mechanical efficiency takes into account the mechanical losses associated with the work-

ing of the engine like friction. It is given as :

BMEP

Timechanical = m (38)

where BMEP is the Brake Mean Effective Pressure.

The above equations 3.2 to 3.8 are used to analyze the natural gas s.i engine efficiencies.
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4. CLASS 8 HYBRID ON-HIGHWAY TEST RESULTS

This chapter details the results and analysis of the on-highway tests for class 8 hybrid
prototype truck. The results of this chapter lay a foundation for the modeling of the system

for the next chapter.

4.1 Component Energy Flows

In the series hybrid powertrain, the generator driven by the engine provides most of
the required propulsive energy, aided by the battery to the drive motor. A snippet of the
power-flows through a 4km section of the Lexington and Indianapolis route are shown in
Figures 4.1 and 4.2, respectively. The behaviour of the system can be understood based on
the power flows and can broadly be classified into three power modes.

(i) Drive mode : When motor power is positive and generator and and battery are pro-
viding positive power to the motor. This can be easily seen during highway cruise conditions
or constant peak motor power.

(ii) Regen Mode : When motor power is negative, battery power is negative indicating
battery charging. Here, generator power is always positive and thus during battery charging,
both generator and motor provide the charging power.

(iii) Drive + charge mode : When motor power is positive indicating drive and battery
power is negative indicating charging. Here, the generator provides power simulatneously to
the motor and battery. This phenomenon can be seen at roughly 24km distance in Figure

4.1.
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Figure 4.1. Power flows and drive cycle conditions for 4 km of Lexington
route on 10 October
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The power plots give an idea of the instantaneous performance of the system. For further
analysis, the energy contributions of the drive components are determined by integrating the

power data according to Equation 4.1.

B = [ " P(r)dr (4.1)

where E(t) is the net energy from start of the run to time ¢, P(7) is the measured power

into or out of the component of interest, dr is the time step ( 1 second for most data loggers)

4.1.1 Generator

The generator provides most of the electrical energy to propel the system and its direct
coupling with the engine helps in tracking the power demand from the engine ECM. Figure
4.3 shows the power range of 0 to 160kW for the generator which is similar to the Engine
Load curve from Figure 4.4. The highlight of this arrangement is the engine operating speed

which remains around the 1800 rpm value, enabling efficient operation of the engine.
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Figure 4.3. Generator power output from Lexington test on 10 October
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Figure 4.4. Diesel engine rpm and load

The energy supplied by the generator was very consistent with the load conditions
throughout testing. The generator’s energy accumulation curves for the four primary testing
configurations are shown in Figure 4.5, and although on average the energy delivered by the
generator increased with load, differences in trip conditions like trailer weight from run to

run caused variations of similar magnitude.
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Figure 4.5. Generator energy accumulation functions

4.1.2 Motor

The electric motor is the final component of the electric powertrain which provides me-
chanical power to the wheels. The motor power varied between -200kW to 160kW, as shown
in Figure 4.6, indicating huge negative power spikes during deceleration/braking events. The
positive 160kW is the maximum rated power of the motor and it reached this limit frequently.
Although, the generator saturation power is around 160kW , the motor spent more time at

max power compared to the generator indicating battery operation to overcome the deficit.
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The negative power spikes during regeneration events were consistent with battery charge

events.

Motor Power
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Figure 4.6. Motor power from Lexington from 10 October test run

The main control algorithm deciding the percentage of battery and generator power to be
supplied to the motor during propulsion is implemented by the motor controller situated in
the power electronics box. To estimate the losses in power electronics , a first law analysis is
done. The Py and Py, + Pgen are plotted in Figure 4.7 for a 5-km stretch of the Lexington
route. The Pyat + Pyen exceeds the Py during the drive mode by 5% - 15% which is close
to the analyzed efficiency of the power electronics. A detailed power electronics efficiency

analysis was done by colleague Tyler and is omitted from this thesis.
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Figure 4.7. P, + Pgen from Lexington from 10 October test run

Similar to the generator energy output, the motor energy output is consistent for differ-
ent conditions as shown in Figure 4.8. The drive and regeneration energy is plotted as a
positive solid and negative dotted line respectively. Notably, the regeneration energy in the
Indianapolis runs is low compared to the Lexington runs due to flatter road grades and less

potential to capture regenerative energy.

02



Lexington - 52,720 Ibs

700
——27 Sept
||——10Oct
600 14 Oct

o

o

o
T

N

o

o
T

N

o

o
T

Energy Accumulation [kWh]
— [}
o o
o o

o

Regen

-100 1 L L
0 100 200 300 400 500
Distance [km]
(a) Lexington 52,720 lbs
700 - Lexington - 60,120 lbs
——28 Oct
| |——29 Oct
600 1 Nov
= ——2 Nov
< 500
=,
c
S 400
o
3
2 a0
3
Q
< 200
>
<
2 100t
|
0
Regen SULEEONY
-100 T i | )
0 100 200 300 400 500
Distance [km]

(¢) Lexington 60,120 lbs

Energy Accumulation [kKWh]

Energy Accumulation [kWh]

Lexington - 55,800 Ibs

700
600
500
400 -
300 -
200 -
100
) —
Regen ik
100 ] i i | |
0 100 200 300 400 500
Distance [km]
(b) Lexington 55,800 1bs
700 - Indianapolis - 58200 Ibs & 55800 Ibs
——9Jan
| |[——13Jan
600 14 Jan
——20 Jan
500 -
400 +
300
200
100
0 r’
Regen
-100 7 i i ) )
0 100 200 300 400 500

Distance [km]

(d) Indianapolis 58,200 & 55800 lbs

Figure 4.8. Motor energy accumulation functions

Th performance of the hybrid powertrain can be analyzed based on its potential to
capture the regenerative energy available from the road and be able to utilize to propel
the vehicle. The motor energy results show the fraction of regenerative energy to the drive

energy was very low. This encouraged a need to model the vehicle system to investigate

potentials to increase its regenerative capture and are discussed in detail in Chapter 5.
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4.1.3 Battery

The battery acted primarily as the storage device, storing energy from the motor during

regeneration and drive energy from the generator during idle conditions. This stored energy

was then later supplied to the motor as drive energy aiding the generator electrical energy.

The data recorded from the BMS is plotted in Figure 4.9. It shows that the battery state

of charge (SOC) is close to 100% throughout the run. The battery current sees huge spikes

in both charge and discharge events. The battery voltage remained reasonably constant at

480V.
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Figure 4.9. Battery power, current, voltage, and state of charge from 10 October test run

From this data, useful information about the battery degradation was inferred.

(i) The voltage of 640 V is lower than the battery packs nominal voltage of 750
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(ii) The battery SOC remained at 100% although random measurements of actual cell
voltages showed a drop in voltage.

This indicated that some of the battery modules connected in series were not working.
This analysis helped identify the faulty battery modules and replace it for the next prototype
truck.

Similar to the generator and motor energy accumulation, battery energy accumulation
plots were plotted along with an additional net energy of the battery as shown in Figure

4.10. The positive energy indicates battery discharge and negative indicates battery charge.
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Figure 4.10. Battery energy accumulation functions
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As shown in above figure, the net energy output was positive between to 20kW indicating
net work done by the battery. However, the battery contribution is the main contributor to
energy savings in a hybrid architecture and the data indicated that battery energy could be

utilized more to potentially increase fuel savings.

4.2 Component Contribution to Work Performed

Plotting all components’ energy accumulation curves for a single test run highlights the
relative contributions of each component to the total work required to move the vehicle
through its drive cycle. These curves are shown in Figure 4.11 for the October 10" test run
on the Lexington route with a 52,720 Ib payload and are representative of the trends noted

throughout the data sets.
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Figure 4.11. Component energy accumulation curves for 10 October test run

As shown in Figure 4.11, the battery charge energy (Epatcharge < 0, red dotted curve)
exceeds the motor regeneration energy (Emot regen < 0, blue dotted curve). This indicates that
the generator supplied the remaining charge energy to the battery, but this only occurs at low
speed, not during highway cruise. Once the truck slows to turn around, and the motor stops
producing regeneration energy, the generator supplies energy to both the battery and the
motor during the brief period of low speed operation, accounting for the difference between
motor regeneration energy and battery charge energy.

As shown in Figure 2.2, when energy flows from the generator through the battery to

the motor, losses are incurred in the battery and both times power is transmitted through
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the power electronics, a much less efficient path than transfer straight from the generator
through the power electronics to the motor. It is also arguably unnecessary to charge the
battery from the generator, since the battery’s total capacity of 170 kWh is more than double
the total discharge energy from the battery in a single test run. As a result, reducing energy
flow from the generator to the battery, either through architecture or control changes, may
offer a slight increase in overall fuel efficiency.

Additionally, the battery capacity is significantly larger than necessary. It’s capacity
far exceeds its total discharge energy, and its SOC does not vary significantly throughout
a test run. However, because the Tesla battery is optimized for total energy storage, the
C-rate must be kept low, and for this application, the large power transfers require a large
total capacity to maintain a reasonable C-rate. In future, a chemistry optimized for power
delivery instead of total energy storage, such as lithium titanate for example, would allow
the battery to be smaller, and a battery without the signs of wear noted in Section 4.1.3
would allow more efficient overall operation.

As a second notable obervation, the total energy provided by the generator (Ege, > 0,
green) exceeds the motor’s total propulsive energy (Egen > 0, blue solid). In an ideal system
with no losses, Fgen = Emot net; Which would place the green generator energy line on top of
the dashed blue motor net energy line, and regeneration energy would make up the remaining
propulsive energy requirement. As a result, any losses in the drivetrain appear as an increase
in generator energy output beyond the net propulsive energy requirement.

For this test run, the total generator energy output was 530 kWh, which exceeds the net

propulsive energy by roughly 15%, due to losses in the power electronics and battery.

4.2.1 Summary of Test Results

The energy contributions of each component per kilometer are summarized in Figure 4.12

for all available test runs, allowing direct comparison among tests of different distances.
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Figure 4.12. Work contributed by each component per km for all data sets

As noted previously, the net energy supplied by the battery is near zero for all runs,
and battery charge energy exceeds the regeneration energy supplied by the motor for all
runs. Additionally, the motor power and battery charge/discharge energy increases with
payload mass, but variation from run to run obscures this trend, indicating that external
environmental factors play a significant role in the overall propulsive energy requirement.
Finally, the Indianapolis route required significantly less energy flow through all components

of the system, particularly the battery, due to its flatness compared to the Lexington route.
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5. SYSTEM MODELING

This chapter discusses further analysis of the on-highway testing results by modeling the
truck and gaining insights from the ability to capture the regenerative energy. As a first
step, the drag and rolling resistance coefficients were determined from experimental coast
down tests.

A system model was then developed to estimate the forces on the truck over the course of a
drive cycle. This model allowed estimation of the powertrain’s theoretical energy requirement

and its potential to increase energy savings with decreased drag and rolling resistance.

5.1 Drag and Rolling Resistance Coefficients

In order to estimate the amount of propulsive energy required from the powertrain and
regeneration energy available to the powertrain, the truck’s drag coefficient, C; and rolling
resistance coefficient, ;1 must be approximated from coast-down data, where these arresting
forces are the only forces acting on the truck. As discussed in Section 3.1.2, two coast-down
tests are used to estimate these parameters. Figure 5.1 plots the truck’s velocity versus time
profiles for each test. At low speeds, the rate of deceleration increased due to unidentified

factors, so only the first 50 seconds of data were used for analysis.
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Figure 5.1. Velocity vs. Time Plot from Coast down test on US-42W

Cy and p can be calculated based on the law of energy conservation represented by
Equation 5.1. Wiesistance 1S the work done on the vehicle by drag and rolling resistance forces
and will be equal to the vehicle’s change in kinetic energy, AKE, and potential energy, APE.

Wresistance = AKE + APE (51)

Wiesistance, AKE, and APE can be defined according to Equations 5.2 - 5.4.

t1

Wresistance - ] resistance (7_) * U(T)dT (52)
0
1 2 2
AKE = §m(v2 —v7) (5.3)
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Since the road grade angle is negligible and the powertrain is not engaged, the only forces

on the vehicle are the aerodynamic and rolling resistance forces, defined in Equation 5.5.

1
Fresistance = Faero + Frr = §CdPAf'U(t>2 + pumg (55)

Substituting these expressions into Equation 5.1 yields the equality in Equation 5.6,

where Cy and p are the two unknown parameters.

1 t2 1
Sm(e3 =)+ mg(hy = ) = [ (GCapApo(r)? + pmg)u(r)dr (5.6)

The truck’s velocity as a function of time is measured, as are its starting and ending
velocity and elevation; the truck’s frontal area, Ay, is calculated from the its known dimen-
sions; air density, p, is assumed to be a constant 1.225 kg/m?; and gravitational acceleration,
g is a constant 9.8 m/s?. Using the two data sets over two different speed ranges, two equa-
tions can be generated from Equation 5.6 with different numerical values to solve for the two

unknown parameters, Cy and p. Table 5.1 lists the values obtained for these two parameters.

Table 5.1. Drag and Rolling Resistance Coefficients

Parameter | Value
Cy 0.68
1 0.007

These values were validated using a basic model of the nonlinear differential equation
(Equation 5.7) representing the truck’s dynamics during the coast down test.
v 1

N e 2A X
mo ,umg‘vl 5P 7Cyq (5.7)

Figure 5.2 plots simulation results and data for the 40 and 50 mph tests, and the the
two match fairly closely. These values for C,; and p are within the expected range for Class

8 trucks, although as discussed in Section 5.2.1, both metrics can be improved.
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Figure 5.2. Coast-down simulation and measured data

Two factors limit these coefficients’ reliability for calculating propulsive and regeneration
power. First, in the velocity range tested, the rolling resistance force is much greater than
the aerodynamic drag force. As a result, the effects of drag, observable as non-constant
deceleration, are almost undetectable. To obtain a better C, estimate, coast down testing
would need to start upwards of 70 mph, a starting speed not possible with the test locations
used.

Second, both coefficients vary with tire temperature, road conditions, and relative wind
velocity, so these results can only be accurately applied to tests runs that occurred in the same

conditions as the coast-down. The values obtained for C; and p were close enough for general
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analysis, but precise calculation of the propulsive energy requirement and regeneration energy

available requires more accurate and run-specific coefficients.

5.2 Theoretical Energy Requirement Due to Grade and Speed Changes

The theoretical energy requirement is used to model the truck’s energy requirement, and
as discussed in Section 5.2.1, this allows the effects of modified system parameters to be

estimated.

Calculating Propulsive Power Required

The theoretical energy required to move the vehicle and the theoretical amount of en-
ergy available for recapture can be calculated based on the drag coefficient (Cy) and rolling
resistance coefficient (p) estimated in Section 5.1. The forces of interest on the truck are

shown in Figure 5.3, yielding the balance of forces in the x-axis, shown in Equation 5.8.
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Figure 5.3. Free body diagram for forces on truck during operation

As represented in Equation 5.9, the total force required to accelerate the truck is the
sum of grade, aerodynamic and rolling resistance forces, obtained by solving Equation 5.8

for I, reqd-

Z Fx = Facceleration = L'reqd — Faero - Frr - Fgrade (58)

F reqd — F, acceleration T F, grade + F, aero 1 E T (59)

The GPS data allows calculation of each of these forces as shown in Equations 5.10 - 5.13.

Facceleration =ma (510)

Fyrade = mgsind (5.11)
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1
Frero = 5pzﬂOdAf (5.12)

F,, = umgcosf (5.13)

The vehicle mass, m, gravitational acceleration, g, atmospheric density, p, and the truck’s
frontal area, Ay are known or measured constants, the truck’s velocity, v, acceleration, a,
and the route’s grade angle, 6 are obtained from the GPS data, and the drag coefficient Cy
and rolling resistance coefficient, p are estimated in Section 5.1. Finally, the instantaneous
power required is simply the product of the force required to move the truck at that instant
and the truck’s velocity:

Preqd = Freqdv (514)

The four components of the required power calculation are plotted in Figure 5.4 for a
4-km section of the October 10" test run, and clearly the grade and acceleration components
dominate this calculation, with magnitudes near or above the motor’s maximum output of
roughly 160 kW. In comparison, the rolling resistance and aerodynamic drag require relatively
little power to overcome. Unlike acceleration and grade power, they are always positive and
relatively constant, so the actual energy required to overcome rolling resistance and drag is

of similar magnitude to the acceleration and grade energy requirements.
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Smooth curves were obtained for all of the power components except the acceleration
power. The total calculated power required curve and the measured motor power are plotted

in Figure 5.5, and although the calculated results track the motor’s output reasonably well,

Distance [km]

Figure 5.4. Components of calculated power required

the noise from the acceleration data appears in this final calculation.

67

Rolling Resi e Power
200 - I I |
ol= —
-200 |- I I I I I I I |
24 245 25 255 26 26.5 27 275 28
Distance [km]
Aerodynamic Drag Power
200 - I I I |
0777777 - F— - T i
-200 - | | | | | | | |
24 245 25 255 26 26.5 27 275 28
Distance [km]
Grade Power
200 [ R T 7
= / —~— / ~ P
VTNA S~ R R —
200 - | | | | | | | i
24 245 25 255 26 26.5 27 275 28
Distance [km]
Acceleration Power
200 T . T T T |
" W‘\M"v\ .,M‘WM\“\ ff Aw""“‘m " el L UMY
0 ey ™ Wy Iy, i g e, -
s A\ W, oot G s,
" %”-4/‘ ol “Mageah
-200 (- | | | (- | | | |
24 245 25 255 26 26.5 27 275 28



300 Theoretical and Measured Total Power Required from Drivetrain
T T T

——Measured Motor Power
——Theoretical Propulsive Power Requirement

200 — m

100 —

Power [kW]

-100 - .

300 | | | | | I I
24 245 25 25.5 26 26.5 27 27.5 28
Distance [km]

Figure 5.5. Actual and theoretical motor drive power

Theoretical Propulsive Energy Required

The amount of energy theoretically required to move the vehicle can be calculated as the
accumulation function (Equation 4.1) of the power required function described by Equations
5.8 - 5.14. As shown in Figure 5.6, the vehicle’s the propulsive, regeneration, and net energy
as calculated from GPS data matches the values recorded from the motor for the October

29nd tegt,
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Energy Accumulation Functions for Motor and Power Required
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Figure 5.6. Energy accumulation functions for theoretical and motor energy
from 22 October test

This power required calculation is sensitive to filtering techniques, small changes in Cy
and pu, and relative wind components. The conditions in this particular test closely matched
the coast down test conditions, yielding accurate results, but other test runs that occurred
in different environmental conditions, such as crosswinds and low and high temperatures
yielded significantly different results. For example, 20 mph crosswinds during second half of
the January 9" Indianapolis test caused much higher drag, and as a result, the motor energy

output exceeded the theoretical required energy to move the truck, shown in Figure 5.7.
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Figure 5.7. Energy accumulation functions for theoretical and motor energy
from 9 January test

Theoretical Regeneration Energy Available

The amount of energy theoretically available for regeneration was calculated as an accu-
mulation function (Equation 4.1) of only the negative portions of the power required function
described by Equations 5.8 - 5.14. This is plotted as a negative dotted line in Figures 5.6
and 5.7, and the ratio of measured motor regeneration energy to calculated regeneration

available is plotted in Figure 5.8 for test runs with usable data.
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With the exception of runs 18 and 21, the actual motor regeneration energy was within
20% of the calculated available regeneration energy. Run 18 is the January 9" Indianapolis
test run which occurred in high winds, and run 21 occurred in particularly low temperatures,
which increase air density and rolling resistance, reducing the actual amount of regenera-
tion energy available. Additionally the actual regeneration energy captured by the motor
exceeded the calculated regeneration energy available in half of the test runs, which is due
to the use of fixed Cy and p values for all operating conditions. The problems with this

assumption are discussed in Section 5.1.
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Figure 5.8. Measured motor regeneration energy as fraction of calculated
available energy

This ratio of measured regeneration energy to calculated available regeneration energy is
evenly distributed around 100%, indicating that the prototype truck system captures close
to 100% of the available regeneration energy. However, since the Cy and u values used were

not run-specific, and since relative wind was not taken into account in the theoretical energy
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model, specific conclusions cannot be drawn on a run-by-run basis for the amount of available

regeneration energy the prototype drivetrain was able to capture.

5.2.1 Ratio of Regeneration Energy Capture to Drive Energy Output

The ratio of regeneration energy captured (Ejegen) to drive energy output (Egsive) provides
a straightforward comparison between routes and shows the series hybrid’s advantages and
potential room for improvement. Variations in ambient temperature, road surface, and
relative wind were not considered, so per Equations 5.9 - 5.14, these energies depend only
on acceleration, speed, and grade angle. For each test route and mass, this ratio of drive
to regenerative energy was calculated according to Equation 5.15 as a function of Cy and p,
where each energy term is calculated from its respective force term as shown in Equation

5.16.

Eregen _ Edecel + Egrade,down (5 15)
Edrive Eaccel + Egrade,up + Err + Eaero ‘
to to
E= [ P(r)dr = [ F(r)o(r)dr (5.16)
t1 t1

This energy ratio is plotted as a color shade ranging from blue to yellow in terms of
Cy and p in Figures 5.9 - 5.13. Each plot is based on a measured speed and acceleration
profile at the given mass, and does not account for any changes in this profile that may
occur due to changes in Cy or u. A comparison is made with a new low-mileage Peterbilt
579 truck. The Cy, u values for the new truck were taken from reference study [13]. The two
(Cy, 1) points marked on each plot correspond to the coefficients for the prototype truck,
estimated in Section 5.1, and for a new, low-mileage Peterbilt 579. This comparison is done

to understand the prototype truck’s energy utilization potential.
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As expected, based on the higher battery energy transfer (Section 4.1.3), the ratio of
regeneration to drive energies for the Lexington route is almost double the ratio for the
Indianapolis route, due to the Lexington route’s rolling hills. This again affirms that grade
profile along the truck’s route directly determines the drivetrain’s opportunity to capture
and reuse regenerative braking energy.

Additionally, decreasing the truck’s aerodynamic and rolling drag can potentially improve
this energy recapture ratio. In a conventional drivetrain without electrification, reducing a
truck’s drag reduces the amount of propulsive energy required. However, with the proto-
type system, the benefits are twofold. Lower resistance both reduces the propulsive energy
requirement to move the vehicle, and frees more kinetic energy to be captured through re-
generation. The Peterbilt 579 truck and trailer used for comparison incorporate modern
aerodynamic improvements and generate less rolling resistance due to lower wear, and these
improvements could increase the energy recapture ratio to 8% - 18%, depending on the route,
as shown in Figures 5.9 - 5.13.

Finally in Figure 5.14, three energy ratios are plotted for each test run: (1) the prototype
truck energy ratio as calculated from motor power data, (2) the prototype energy ratio as
calculated from its theoretical power requirement, and (3) the reference 2018 Peterbilt 579

energy ratio as calculated from its power requirement.
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Despite the uncertainty of the C; and u coefficients, the analytical results closely track the

test results for the ePower truck, so the extrapolation of the energy calculation to different

rolling resistance or drag coefficients is reasonable.

Additionally, there is a slight increase in energy ratio with payload mass, which indicates
a slight increase in overall performance with mass. This is because the aerodynamic drag
term in the denominator of Equation 5.15 is independent of mass, whereas all other terms
depend on mass. As a result, when mass increases, the percent increase of regeneration
energy is slightly greater than the percent increase of drive energy. However overall, drag

and rolling resistance improvements offer the most significant benefits to the series hybrid

system’s overall performance.

7

Figure 5.14. Energy ratio results summary



6. CYLINDER DEACTIVATION SIMULATION RESULTS

This chapter discusses the simulated cylinder deactivation efficiency improvement results in
comparison to the simulated baseline results for the natural gas engine. A supporting analysis

is done to understand the engine operation as well as limitations while implementing CDA.

6.1 CDA Introduction

The performance limitations of an S.I engine are discussed in Chapter 1.3.2.The part
load pumping losses caused by the operation of throttling valve are seen in the low load -
low speed region of the torque curve. Since the power requirement at this regions are low,
the engine is capable to be operated by reducing the number of firing cylinders. The strategy
to operate the engine by deactivating cylinders is called cylinder deactivation (CDA). This
work focuses on tackling the part load throttling losses by CDA. Experimentally, this is done

by deactivating the cylinder valve motions using the VVA system discussed in section 2.3).

6.1.1 Nomenclature

Based on the number of deactivated cylinders the CDA strategies are named as follows :
e 2CDA - Cylinders 1,6 deactivated
e 3CDA - Cylinders 1,2,3 deactivated
e 4CDA - Cylinders 2,3,4,5 deactivated

Figure 6.1 illustrates the CDA operation used in the analysis. A notable observation in
the 3CDA illustration, is the deactivation of cylinders 1,2,3. The EGR loop intakes exhuast
gases from cylinders 4,5 and 6 due to the split exhaust manifold. Deactivating cylinders 4,5
and 6 would be difficult to operate to meet EGR demands and may cause instability in the
EGR controller. Hence, for 3 CDA operation, cylinders 1,2,3 are deactivated.
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6.2 CDA Efficiency Results

The assumptions and limitations of the Simulation model, briefly discussed in section
3.2.3, should be referred while inferring from the simulation results.

The engine cycle efficiency analysis discussed in section 3.2.5 was followed to calculate
the overall BTE and fuel benefits. A comparison is done with the 6 Cylinder firing engine
operation labeled as Baseline in the plots. CDA is most effective in low torque regions and
has its limitations at higher loads depending on the number of cylinders deactivated. The

limitations are discussed in detail in 6.2.2.

6.2.1 Fuel Benefits

Significant improvements were seen in fuel savings and overall brake thermal efficiency
of the engine. The simulation results in Figure 6.2 show a maximum reduction in fuel
flow of 11% for 2CDA, 18% for 3CDA and 25% percent for 4CDA in comparison to the
Baseline simulation results. Corresponding BTE improvements are seen in Figure 6.3 with
a maximum increase of 2%, 3% and 4% for 2CDA, 3CDA and 4CDA compared with the

baseline respectively.
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Fuel Flow rate vs. Torque
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Figure 6.2. Fuel Flow Rate (Simulation)

Reduced fuel flow rate results in improved fuel consumption. BSFC is a measure of

efficiency with respect to the engine power output. BSFC can be claculated as

BSFC — Dhrake (6.1)
m

where P,k is brake power and 1 is fuel mass flow rate.
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Brake Thermal Efficiency vs. Torque
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Figure 6.3. Brake Thermal Efficiency (Simulation)

BSFC is inversely proportional to the BTE as can be seen from Figure 6.4. A notable
observation from Figures 6.2- 6.4 is maximum benefits are seen at lowest torques. BSFC
percent decrease with respect to Baseline is shown in Figure 6.5. The percentage reduction
with respect to baseline is higher at low torques and reduces with increase in torque. The
pumping/throttling losses are maximum at low loads, hence maximum BSFC reduction seen
at low torques indicates overcoming of these losses. Engine cycle efficiencies are further

assessed to determine contributors to the overall efficiency improvement.
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Figure 6.4. Brake Specific Fuel Consumption (Simulation)
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BSFC % Decrease vs. Torque
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Figure 6.5. BSFC percent decrease

6.2.2 Limitations

All above plots (Figure 6.2-6.5) are plotted for operating points where the torque de-
mands and EGR fraction targets are met simultaneously. The primary limitation of CDA is
the ability to flow EGR to meet higher torque demands reduces with deactivated cylinders.
In the simulation, EGR targets are set linearly with torque as discussed in subsection 3.2.2.
To meet equivalent torque with deactivated cylinders requires elevated intake manifold pres-
sures or pressures downstream of EGR valve. Elevated pressures downstream of EGR valve
corresponds to difficulties to drive the EGR gas.

Additionally, as a greater number of cylinders are deactivated, difficulty to drive EGR

gases increases further. This can be observed in Figure 6.6, as torque values where EGR
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fraction targets are met decreases with increase in number of deactivated cylinders. EGR
targets are met upto 300ftlbs for 2CDA, 250ftlbs for 3CDA and 75ftlbs for 4CDA. Torque

targets are met for all the above data points as seen in Figure 6.7.

EGR Fraction vs. Torque
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Figure 6.6. EGR Fraction (Simulation)
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Desired vs. Actual Torque
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Figure 6.7. Output vs. Input Torque (Simulation)

6.2.3 Engine Cycle Efficiencies

The difficulty to drive EGR is further evident from the LogP-LogV plots. The Figure6.8
illustrates the LogP-LogV representation of the firing cylinders for 4 different cases : 25ftlbs,
50ftlbs, 75fltbs and 100ftlbs. In general, torque demand can be met in CDA by elevated
intake manifold pressures. Elevated intake manifold pressure reduces the delta pressure
between exhaust and intake manifold. This reduced pressure difference across the EGR
valve makes it difficult to drive EGR. The limit can be observed based on the number of
cylinders deactivated. For aggressive strategies like 4CDA the limit is achieved at a low

torque of 75 ftlbs.
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Figure 6.8. PV Diagrams (Simulation)

For example, from the 100ftlbs PV diagram the delta pressure is very small for the 4CDA
case and corresponding EGR fraction plot confirms that the EGR fraction targets are not
met for 100ftlbs for 4CDA.

However, the advantage of decrease in delta pressure across intake and exhaust manifold
is the engine doing less amount of work to pump gases. The pumping loop decreases sig-
nificantly for CDA strategies as evident from Figure 6.8. As a result, the fuel consumption
would be maximum in the baseline case where the engine is working against a larger pressure
gradient. Thus , fuel benefits are realized by reducing the pumping work or pumping loop

in the PV diagram.
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The Open cycle efficiency is related to the pumping of gases. OCE increases as the
pumping loop decreases. This is congruent with the results in Figure 6.9. Normalized
values are plotted for all efficiency plots. A maximum OCE improvement is seen for the
lowest simulated torque value of 25ftlbs for 2CDA, 3CDA and 4CDA respectively. The OCE

benefits decrease with increased load conforming with earlier results.

Open Cycle Efficiency vs. Torque
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Figure 6.9. Open Cycle Efficiency (Simulation)

For the overall efficiency analysis, it is important to check all cycle efficiencies. The BTE
is expressed as shown in equation.
The Closed cycle efficiency is the efficiency of the engine during the portion of time where

both intake and exhaust valves are closed. This includes the compression,combustion and
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expansion process of the four stroke engine. This is affected by the combustion and heat
transfer. The heat release rate influences the CCE. Due to the current model limitations
of an imposed heat release rate mentioned in section 3.2.3, the CCE results are not truly
representative of the how the engine would perform. The CCE results shown in Figure 6.10

have a couple of outliers as well.

Closed Cycle Efficiency vs. Torque
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Figure 6.10. Closed Cycle Efficiency (Simulation)
The Mechanical Efficiency (ME) accounts for the mechanical losses in the system like
frictional losses. It is dependant on the output power and speed. Since, the simulation

conditions of troque and speed are same for CDA and Baseline there is no deviation in the

ME for CDA.
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Mechanical Efficiency vs. Torque
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Figure 6.11. Mechanical Efficiency (Simulation)

The BTE comprises of OCE, CCE and ME (refer equation 3.2). Based on the efficiency
plots, the improvements in OCE are the most significant and account for the overall BTE
improvement and fuel benefits. The efficiency analysis gives a good understanding about
the breakdown of the fuel benefits. Further analysis is done to sanity check efficiency results

and engine behaviour in the simulation.

6.3 Intake Manifold Gas Properties

The engine operating in stoichiometric condition, is expected to have similar reductions
in Air flow rate as the Fuel flow rate seen in Figure 6.2. Figure 6.12 is consistent and shows

a reduced air flow rate due to CDA.
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Air Flow rate vs. Torque
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Figure 6.12. Air Flow Rate (Simulation)
For the engine to operate at a reduced air flow rate during CDA, the intake manifold
pressures are required to be higher in comparison to the Baseline to generate same amount

of torque. Figure 6.13 shows the rise in IMP. For aggressive CDA strategy of 4CDA, the
IMP is almost double that of Baseline.
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IMP (psi) vs. Torque
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Figure 6.13. Intake Manifold Pressure (Simulation)

6.4 Gas Exchange Actuators
Two main gas exchange actuators in the current system are :
o Wastegate controlled by the wastegate controller to reach target boost pressure.

e Throttle Valve controlled by the throttle controller to control intake charge flow to

meet demanded torque.

6.4.1 Wastegate

Wastegate valve controls the flow of exhaust gases to the turbine, which determines the

turbine speed which in turn determines the compressor speed. In the GT-Power model, the
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wastegate is an orifice connection with a maximum orifice dia. of 50mm. Maximum orifice
dia. indicates wastegate fully open to the exhaust and engine operation at atmospheric
pressure or naturally aspirated zone. Closing of the wastegate orifice should indicate increase
in the boost pressure. Wastegate orifice dia. is shown in Figure6.14 and corresponding boost
pressures can be seen in Figure 6.15. In 6-Cylinder firing, Baseline operation, the wastegate
starts closing around 150ftlbs torque value, where the boost pressure starts increasing. The

boosting zone shifts to the left for CDA as wastegate is actuated at lower torques based on

number of deactivated cylinders. The operation of wastegate is in correspondence with the

observed boost pressures.

Wastegate Dia. vs. Torque
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Figure 6.14. Wastegate Diameter (Simulation)
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Throttle Inlet Pressure (psi) vs. Torgue
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Figure 6.15. Throttle Inlet Pressure (Simulation)

6.4.2 Throttle Valve

The throttle valve operation in a conventional engine operation is to reduce the power
output at part loads by restricting the air flow. The restriction of flow cause the pumping
losses. To investigate the above discussed benefits further, it is critical to look at the flow
across the throttle valve and its behaviour. The downstream pressure across the throttle
valve is the Intake manifold Pressure seen in Figure 6.13. The pressure upstream of the
throttle valve is seen in Figure 6.15. The 25-200ftlbs torque region for the baseline 6 cylinder
firing, corresponds to naturally aspirated operation of the engine. A high difference across
the pressures upstream and downstream of the valve is indicative of the high work done

to flow gas across the valve or high losses . For 25ftlbs torque, the baseline as well as all
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the CDA cases are in the naturally aspirated operation. The throttle upstream pressure for
all the cases is atmospheric pressure. However, from Figure 6.13, the throttle downstream
pressure increases for CDA. The decrease in delta pressure across the valves implies reduced
throttling losses.

For the baseline 6 cylinder firing simulation case,the throttle angle opens up linearly with
increase in torque in the naturally aspirated zone of 25-200ftlbs. For boosted operation, the
throttle is slightly open. Although the throttle is not fully open for maximum torque case,
this could be adjusted by the right boost pressure targets in the simulation or comparing it
to experimental baseline data.

Intuitively, for CDA cases the throttle angle should increase . However, that is not the
case as seen in Figure 6.16. The throttle angle almost tracks the Baseline for 2CDA and
3CDA. For aggressive strategy of 4CDA, the throttle angle opens up wide. This phenomenon
was further investigated. Studies with CDA implemented on S.I engines with throttle angle
information available were reviewed [14],[15]. Study from ADC university conducted on a
1.6L, 4 cylinder engine compared a single operating point for CDA and Baseline. Although
significant fuel benefits were observed, the throttle angle values remained fairly similar (6.8
deg in CDA as compared to 6.3 deg in 6 Cylinder Operation) [14]. Another experimental
study conducted in ORNL showed slight increase in the throttle angle (about 2 degrees) on a
3.5L, 6eylinder S.I engine at different operating points [15]. Similar throttle angles does not

necessarily imply similar throttling losses. This can be explained from the equation below.
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Throttle Angle vs. Torgue
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Figure 6.16. Throttle Angle (Simulation)

The flow across a valve is given by :

) nD? 2% 0P
= Caep (B0 (200

where m = mass flow rate across the valve

C41 = discharge coefficient
D = Throttle diameter
0P = Pressure across the valve

p = fluid density
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The above equation can be written as

8, 1

p_" 4
d P (CleCD2)

(6.3)

In the GT-Power model, discharge coefficient Cy; is correlated to the throttle valve angle
via a lookup table. Assuming throttle angle remains the same for both Baseline and CDA
cases, the discharge coefficient would be same in both cases. For delta pressure across the
valve, the only variable between Baseline and CDA cases is the air flow rate. In CDA | the
air flow is reduced in comparison to Baseline. Hence, it can be demonstrated that reduced
delta pressure across the valve can be achieved with reduced mass flow, even if the throttle

angle remains constant.

6.5 Summary

In summary, 1D simulations of CDA on a 6 cylinder natural gas S.I engine showed
significant fuel benefits and BTE improvements in the low load torque region. Significant
improvements in Open cycle efficiency were responsible for the fuel savings. The OCE gains
were caused by overcoming part load pumping losses by implementation of CDA. The ability
to drive EGR served as the primary limitation to extend CDA capabilities at higher torques.
The intake manifold gas properties along with the behaviour of the gas exchange actuators

were in correspondence with the observed efficiency improvement results.
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7. FUTURE SCOPE

7.1 Recommendations

7.1.1 Series Hybrid Powertrain

The results presented in the thesis are a preliminary understanding on understanding the
efficiency improvements for two systems in consideration.

The on-highway tests demonstrated a good understanding of the powertrain behaviour
and its capabilities to save fuel. However, there were some limitations to the analysis that
can be included in future work.

The current analysis doesn’t relate the powertrain energy savings to the measured engine
fuel savings. Engine fuel map data can enable the correlation between the powertrain energy
savings to the fuel benefits. Access to the Engine ECM and its fuel map would be helpful in
understanding the engine operation on the torque and power curve. A one to one comparison
can then be done between a conventional powertrain and hybridization of the powertrain to
realize the BSFC benefits.

The power electronics efficiency could be further analyzed based on the power manage-
ment strategy decided by the control algorithm in each run. The power management strategy
is the decision the controller makes of the power division of the generator and battery. This
piece of information was critical and proprietary to the startup and couldn’t be shared with
the Purdue team. Deeper understanding and modification of control algorithms can be an
important future work to maximize the work done by the battery. The study can also be
extended to determine efficient Power management strategies with respect to trailer weight.

The entire study was focused on efficiencies of the electrical pathways in the powertrain.
Determining mechanical power losses could be a scope for future work. Dynamo-meter
testing of the transmission and engine-generator coupling could aid in recognizing mechanical
losses. This would help in understanding the entire energy pathway from the engine to the

wheels.
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7.1.2 Natural Gas CDA

The model limitations discussed in 6.2.2 can be overcome by matching experimental
data. The imposed Heat release rate could be replaced by experimental heat release rates
from engine baseline testing. Replacing the Heat Release Rate would represent appropriate
combustion and give a better understanding of Closed cycle efficiencies.

Overall limitations of CDA is the ability to meet EGR targets at higher loads. This could
be overcome by combining other VVA strategies along with CDA at higher torques.

(i) CDA with iEGR - Internal EGR (iEGR) is the trapping of exhaust gases from the
previous engine cycle by eliminating the intake and exhaust valve overlap. This is also called
as negative valve overlap. The exhaust gases remain trapped inside the cylinders after which
the intake valve is opened for fresh charge.

(ii) CDA with reinduction - Another strategy for implementing iEGR is via re-induction.
In this strategy, either the exhaust valve is opened during the intake stroke for a short
duration of time or the intake valve is opened during the exhaust stroke.

Combining the above strategy with CDA may extend the capabilities of CDA at higher
torques while meeting higher EGR tragets.
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