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Abstract

Under District Contract 96023, the College of Engineering-Center for Environmental Research
and Technology (CE-CERT) at the University of California, Riverside, developed a hybrid-
electric vehicle (HEV) with a hydrogen-fueled internal-combustion engine (ICE) as the auxiliary
power unit (APU). The objective was to demonstrate a system in which an HEV can be at or near
zero emissions even when its APU is operating. The project succeeded in developing a
hydrogen-fueled ICE, integrating it into CE-CERT’s hybrid testbed vehicle, and developing
control software to manage energy generation and use. The hydrogen ICE demonstrated
efficiency and emissions characteristics far greater than earlier hydrogen ICEs developed and/or
tested at CE-CERT because of advanced injector technology originally designed for natural gas.
The control system worked well. This project has demonstrated the potential of hydrogen as an
APU fuel, and it demonstrates an alternative to fuel cells, which are considerably more expensive
than modified internal-combustion engines. It also demonstrates advanced energy management
technology. The concepts demonstrated in this project have been demonstrated to the District,
other regulatory agencies, and the private sector. There is great potential for emissions reduction
and job creation from the further development and commercialization of these technologies.
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1. Summary and Conclusions

1.1 Project Description

In a project dating to 1995, the College of Engineering-Center for Environmental Research and
Technology (CE-CERT) at the University of California, Riverside, has designed, developed, and
evaluated a hydrogen-powered advanced Hybrid Electric Vehicle (HEV). CE-CERT also has
analyzed the benefits of advanced energy management strategies for HEVs and developed tools
to allow the analysis of HEV emissions under various system level deployment scenarios.

The Mobile Source Review Committee (MSRC) of the South Coast Air Quality Management
District (SCAQMD) provided funds under Contract 96023 for CE-CERT to incorporate three
major tasks in this research and development program:

Task 1, “Hydrogen Internal-Combustion Alternative Power Unit (APU) Development and
Demonstration,” designed and developed a hydrogen-fueled internal-combustion engine (ICE)
that was used as the APU in the hybrid electric vehicle.

Task 2, “Intelligent Energy Management Systems for HEVs,” capitalized on Advanced Travel
Information Systems (ATIS) technology and intelligent planning algorithms to develop and
evaluate closed-loop HEV energy management systems.

Task 3, “HEV Transportation Systems Energy/Emissions Analysis,” developed HEV opera-
tional/emission models and integrated them into CE-CERT’s Integrated
Transportation/Emissions Model (ITEM) framework for use in emissions inventory effect
studies.

The implicit goal of these tasks is to identify, develop and evaluate technologies key to the
commercialization of HEVs.

1.2 Significant Results

All of the project tasks were completed successfully. The project demonstrated that hydrogen can
be stored, managed, and burned efficiently aboard an HEV to provide a low-emission energy
source for an APU. The project also demonstrated that fuel injection equipment designed for
natural gas can be used with little or no modification to inject hydrogen. This indicates that there
is potential for commercialization of hydrogen internal-combustion engines, which could be a
low-cost alternative to fuel cells.

Advanced energy control strategies also were demonstrated using advanced planning and
navigation techniques. The project results show that such techniques allow battery state of charge
(SOC) to be managed to guarantee performance while limiting APU use.

The project also successfully demonstrated modeling tools that can predict emissions from HEVs
with a variety of component configurations and energy management strategies. This is important
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for government agencies and industry in assessing the environmental and energy-efficiency
contributions of HEVs.

Section 3 of this report discusses specific results of the project.

1.3 Recommendations

This project took an initial step toward modeling the impact of HEVs on the emissions inventory.
Considerably more research is required in this field. Vehicle manufacturers, universities, and
others are developing a wide variety of HEVs, energy management strategies, and fuels. There is
a need to categorize and model the potential energy and emissions impact of these concepts, both
to help identify and pursue the most promising technologies and to assist in modeling the air-
quality impact of their introduction.

The efficiency of the hydrogen-fueled engine operating at a steady state raises the question of
whether this concept represents a relatively cost-effective alternative to fuel cells. The engine’s
efficiency was measured to be between 25 and 30%. Fuel cells in laboratories have demonstrated
efficiencies around 40%, but it is expected that “real-world” performance will be somewhat less.
We recommend comparative research into the energy-efficiency, emissions, fuel consumption,
and noise production of similarly-sized hydrogen-burning internal-combustion engines and fuel
cells.

Third, there is a need for either development of a hydrogen fueling infrastructure or development
of fuel reformers that can produce hydrogen from other feedstocks efficiently and cleanly.
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2. Background

2.1 Project Motivation

Vehicles are the source of more than half of ozone precursors and other pollutants in the South
Coast Air Basin and throughout California. Three approaches are available to decrease the
negative environmental impact and dependence on fossil fuels caused by our current
transportation system:

• Increase the efficiency and decrease the emissions of the chemical to mechanical energy
conversion process for petroleum fueled ICEs.  The benefits here are twofold. First, increased
efficiency requires less fuel to be burned per vehicle. Second, decreased emissions results in
lower amounts of non-methane organic compounds (NMOC), carbon monoxide (CO), and
carbon dioxide (CO2) emitted into the atmosphere per unit of fuel burned. Drastic
improvements, however, in the petroleum-fueled ICE are not only difficult to accomplish (and
limited by the Carnot Cycle conversion), but would not necessarily help in the reduction of
oxides of nitrogen (NOx) emitted. Although emission control systems have improved
significantly, the number of vehicles on the road has also increased; in fact, studies have
shown that emission control systems alone will not be sufficient for large cities, including Los
Angeles, to attain the air quality goals as specified in the 1977 Clean Air Act [Sierra Research,
1988].

• Use alternative non-petroleum fuels in ICEs. Examples of alternative fuels include ethanol,
methanol, natural gas, and hydrogen.  Of these fuels, ethanol, methanol, and natural gas all
emit CO2 (and to a small degree CO), and all the fuels when combusted in an ICE produce
some amount of NOx. Hydrogen has unique properties that allow higher efficiency and lower
emissions than can be attained with hydrocarbon fuels.

• Use alternatives to the ICE. Electric motors are the main alternative to the ICE. Electric
vehicles are currently the only form of vehicle to meet the CARB requirements for Zero
Emission Vehicles (ZEVs). Draft equivalent zero emission vehicle (EZEV) or super-ultra-low-
emission-vehicle (SULEV) requirements may allow HEVs to count for ZEV credits while
attaining the consumers desired vehicle range.

Electric vehicles have a history dating to 1843, and dominated the personal transportation market
until about 1915. When the petroleum-powered internal combustion engine (ICE) became
dominant, the main driving factors behind its success were the low apparent cost of gasoline to
the consumer and the high energy density of gasoline relative to batteries. Only in the past 30
years has the true cost of petroleum to society in terms of pollution and energy dependence
become recognized. The primary remaining disadvantage of pure electric vehicles is their limited
range due to low battery energy densities. This deficiency can be addressed through hybrid
electric vehicles. The extent to which the energy dependence problem is solved and the
emissions benefits of EVs are attained will depend on the fuel used and the auxiliary power unit
(APU).
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The major components of the powertrain of an EV are batteries, a motor, and a motor controller.
This is in comparison to the ICE drivetrain, which includes a fuel tank, multi-gear transmission,
engine, fuel injection system, emission control system, radiator, and starter. While production of
electric vehicles is still relatively expensive, the low cost of electricity, lower parts count, higher
component reliability, and lower maintenance required for EVs might provide substantial
economic incentives for EV ownership if mass production occurs. The acceleration (i.e., power)
of recently developed EVs (e.g., General Motors’ Impact, AC Propulsion products) has easily
matched (and sometimes exceeded) that of a typical ICE vehicle, and is no longer considered to
be a major EV drawback. However, range similar to ICE driven vehicles is considered a
necessity for successful commercialization of alternative forms of transportation. The energy
density of current lead-acid batteries is sufficient to allow ranges of only 40 to 100 miles,
depending on the required performance characteristics and the amount of drag reduction that is
possible.

An HEV augments an electric vehicle with a second source of energy, referred to as the auxiliary
power unit (APU) [Society of Automotive Engineers, 1993a,b, 1994a,b]. A well-designed HEV
can achieve the cruising range and performance advantages of conventional vehicles with the low
noise, low exhaust emissions, and energy independence benefits of EVs. Two types of hybrid
vehicle configurations are possible: series and parallel.

A series HEV is similar to an electric vehicle with an on-board generator. The vehicle will run on
battery power (like a pure EV), and when required the APU will generate electricity to maintain
or increase the battery state of charge. Use of the APU to control the state of charge is discussed
under Task 2. Since the APU is not directly connected to the drivetrain, it can be run at its
optimal operating condition; hence, fuel economy is increased and emissions are reduced relative
to a pure ICE driven vehicle. The fact that 85% of driving is on trips of less than 75 miles
[Dabels, 1992], which is within the range of EVs using current battery technology, means that a
series HEV could be driven in its pure-electric mode for the vast majority of its operations.

In the parallel hybrid configuration, an APU capable of producing motive force is mechanically
linked to the drivetrain. This approach eliminates the necessity of the generator in the series
approach. When the APU is on, the controller divides energy between the drivetrain (propulsion)
and the batteries (energy storage). The amount of energy divided between the two is determined
by the speed and driving patterns. For example, under acceleration, more power will be allocated
to the drivetrain than the batteries. During periods of idle or low speeds, more power will go to
the batteries than the drive train. When the APU is off, the parallel hybrid runs like an electric
vehicle. The batteries provide electricity to the electric motor where electricity is converted to
mechanical energy used to power the vehicle. The drivetrain for a parallel HEV is more complex
than that of a series HEV as both the electric motor and the APU must be mechanically linked to
the driveshaft.

The relative merits of the series and parallel configurations are summarized in Table 2-1. It is
interesting to note that series hybrid electric trains based on diesel APUs have been marketed
successfully since the 1920s, and are now the dominant configuration for railroad locomotives in
most developed countries including the United States. The main advantages of diesel hybrid
electric trains to alternative drivetrains are their torque versus speed characteristics and their low
maintenance cost.
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Table 2-1. Relative Merits of Series and Parallel Hybrid-Electric Vehicles.

Configuration Advantages Disadvantages
Series 1. APU can operate at optimal speed as

determined by efficiency and
emissions

2. Ease of powertrain integration
3. A simple lightweight transmission is

possible
4. More reliable
5. Onboard charging can extend range as

needed

1. Fuel economy is less than that for parallel
implementations during long drives

2. Generator is required
3. Misuse of onboard generation can defeat

environmental gains

Parallel 1. APU power transmitted directly to
drive wheels

2. No separate generator required

1. Increased drivetrain complexity
2. A multi-gear transmission is needed to

effectively link the APU to the drive
wheels effectively

3. Difficult emission controls

Little information exists concerning HEV emissions and energy consumption. Part of this
problem is that previous studies of HEV emissions and energy use have not adequately
accounted for the following methodological and data problems:

1. Large variations in possible HEV designs (e.g., series vs. parallel implementation).
2. Lack of real world driving basis.
3. Uncertainty regarding the percent of time that the HEV’s internal combustion engine will

actually be used.
4. Lack of appropriate tests and models for measuring emissions and fuel economy of HEVs.

To better understand emissions and energy consumption associated with HEVs, CE-CERT has
applied its energy consumption and emissions modeling expertise in developing a flexible HEV
operational/emissions modeling tool. Using this tool, it is possible to evaluate several factors that
have a large impact on HEV energy consumption and emissions. These factors include:

• The type of APU used.
• The energy management strategy (sometimes referred to as the control strategy) of the APU.
• The HEV configuration.
• How the HEV is driven.

Using the developed HEV operational/emissions modeling tool, several HEV scenarios were
modeled and analyzed by varying several of these factors. Specifically, two different APU
emissions models were created: one based on a conventional gasoline-powered internal
combustion engine; and another based on the hydrogen-powered APU developed as part of Task
1. Two different control strategies were analyzed: one based on a charge-sustaining
(“thermostatic”) approach; another based on a more sophisticated range-extender control strategy
developed at UC Davis [Burke, 1997]. These different APUs and control strategies were
analyzed over various “driving cycles” with varying speeds and accelerations in order to evaluate
the energy/emissions effect of driving patterns.
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Research has shown that ICE vehicles’ tailpipe emissions and fuel economy are extremely
sensitive to different test cycles [An, 1993a; An, 1993b; An 1995; Barth 1996; Markey, 1992;
Ross 1995]. Vehicles typically are tested with the Federal Test Procedure (FTP), which uses the
somewhat outdated LA4 driving cycle [Markey, 1992; Markey, 1993]. As an example of the
sensitivity of energy consumption to the driving cycle, a Ford Taurus tested on the FTP achieves
about 20 miles per gallon (MPG); by contrast, when applied to the New York City Cycle, which
represents driving in congested urban conditions [An, 1993a; An 1993b], the fuel economy drops
to about 10 MPG. Tailpipe emissions of pollutants including carbon monoxide (CO),
hydrocarbons (HC), and oxides of nitrogen (NOx) also change dramatically with driving
conditions. Recent studies indicate that the CO and HC emissions under aggressive driving
conditions can be several times higher than that under the FTP cycle [An, 1996; Drachand, 1991;
An, 1995].

Recent studies and tests of electric vehicles (EVs) also indicate that their range and efficiency
depend greatly on operating conditions [Quong, 1995; Burke, 1994]. The “real-world” driving
range for an EV may be less than what is projected based on the standard testing procedure,
because the “real world” driving pattern may include higher speeds and higher acceleration rates
than standard tested. In this research, we have applied five different driving cycles: the EPA
Highway Cycle (HWY), the EPA City Cycle (LA4), the Unified LA 92 Cycle (LA 92), the New
York City Cycle (NYCC) and the US06 Cycle (US06).

To compare HEV performance, the energy consumption and emissions were evaluated for four
different vehicles using the five different driving conditions. These four vehicles are:

• A 1992 Ford Taurus.
• A 1997 GM EV1.
• A parallel configured UC-Davis type range-extender charge-depleting hybrid vehicle.
• CE-CERT’s series-configured charge-sustaining hydrogen-fueled HEV testbed.

The estimation of an HEV’s energy use and emissions is difficult, since an HEV may be
designed for different purposes. For example, the APU and associated energy management
strategy could be used as a “range extender” or for “power assist” [An, 1996]. The variability of
HEV design is large — the principal components of an HEV (the electric motor with controller,
internal combustion engine, transmission, and energy storage device) can all be arranged and
sized to meet different design objectives [An, 1996; Burke, 1992]. These design variations create
significant challenges when evaluating HEV performance.

Lastly, the microscopic HEV simulation model results have been applied at a higher level to see
the effect that HEVs would have on transportation systems with different levels of vehicle
population penetration. Using CE-CERT’s Integrated Transportation/Emissions Modeling
(ITEM) framework, several different transportation system scenarios have been evaluated.

2.2 Approach

The project was divided into three tasks:
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1. Development of a hydrogen-fueled internal-combustion engine as an auxiliary power unit for
the hybrid-electric vehicle.

2. Development of an intelligent energy management system.
3. Development of an HEV APU emissions model.

The approach, implementation, results, and conclusions for each of these tasks are described in
the following sections. The report concludes with a discussion of the project’s benefits.
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3. Development of a Hydrogen Fueled ICE APU

3.1 Task 1 Approach

The objectives of Task 1 of this project were to:

• Develop a hydrogen fueled internal combustion engine (ICE) by modifying an existing
engine and utilizing as much off-the-shelf technology as possible.

• Demonstrate an electronic fuel injection and engine control system for gaseous hydrogen
developed in a previous project.

• Optimize the engine for operation at a constant speed.
• Minimize emissions by utilizing a lean burn strategy.

The design objective was not to develop a hydrogen ICE from the ground up, nor was it to
develop a consumer-ready HEV. Although weight and size of the components were considered in
the design, accessibility to the components and ease of adjustments had a greater influence.

Task 1.1. APU and Vehicle System Design

A Ford Ranger pickup truck was used as the vehicle platform. This was chosen because it has
adequate room to accommodate all the hardware for the testbed system and because it could
easily handle the weight of the systems that were to be added.

Task 1.2. Engine and Generator Development

The engine chosen to be modified for this project was an air cooled, 4-cylinder Volkswagen
Type III (pancake style) engine used in the squareback and fastback VWs. Some of the attributes
of the engine selected are as follows:

• It is a very versatile engine. Crank strokes and cylinder bores are available from 64 mm to 88
mm and 83 mm for 94 mm bore, respectively.

• Engine parts are fairly inexpensive and easy to obtain.
• It is air-cooled so there is no need for a radiator.
• The heads and block are aluminum/magnesium and therefore very light.
• The opposed cylinder arrangement allows for a simple cam design (only 4 cam lobes on the

camshaft). This along with the camshaft/crankshaft being gear-to-gear (no timing belt or
chain) makes the engine fairly compact.

• The pancake-style cooling system enables the engine to be installed in the back of the truck
without extending above the bed.
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Design Considerations

Preignition

Premature ignition is a much greater problem in hydrogen-fueled engines than in gasoline-fueled
engines because of hydrogen’s low minimum ignition energy and wide flammability range.

A number of studies have focused on determining the cause of preignition. Some have suggested
that preignition could be caused by “hot spots” in the combustion chamber, such as on a spark
plug or exhaust valve, or carbon deposits from the pyrolysis of lubrication oil that has seeped by
the piston rings and/or valve guides [King et al., 1957]. Others have shown that backfire can
occur when there is overlap between the opening of the intake and exhaust valves [SAE, 1994].
Because the quenching gap or distance for hydrogen is less than that for gasoline, it is more
difficult to quench a hydrogen flame than a gasoline flame. This increases the tendency for
backfire since the flame from a hydrogen-air mixture can more readily get past a nearly closed
intake valve than the flame from a hydrocarbon-air mixture.

To minimize the occurrence of preignition, the following strategies were employed:

• Special attention was given to removing any imperfections in the combustion chambers and
intake ports which may act as mini-ignition sources or hot spots.

• Aluminum heads were used. Not only are these lighter than cast-iron heads, but because
aluminum’s thermoconductivity is higher it reduces the chances of hot spots forming in the
combustion chamber.

• The engine was operated at very lean air/fuel ratios (AFR). The leaner AFRs not only results
in lower NOx emissions, but also increases the threshold for the minimum ignition energy
level.

• Spark plugs with a “colder” rating were used.
• The cylinders were honed with a finer grit stone to minimize surface scratches on the bore,

thereby reducing the passage of oil from the crankcase to the combustion chamber.
• Valve guide seals were installed to reduce the passage of oil from the cylinder head to the

combustion chamber.
• An aftermarket piston ring set with improved sealing capabilities was installed.
• Valve overlap was minimized, and fuel injection timing was set to avoid injecting fuel during

valve overlap.

Thermodynamic Efficiency

The overall indicated thermal efficiency of a hydrogen engine is typically greater than that of a
gasoline engine. This can be understood from the theoretical expression that relates the thermal
efficiency to the compression ratio and the ratio of the specific heats of the mixture:

η = 1 - ( 1 
r ) 

γ - 1 

(1)

where r is the compression ratio, γ is the ratio of specific heats (Cp/Cv) and η is the efficiency.
This equation shows that the thermal efficiency can be improved by increasing either the
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compression ratio (CR) or the specific heat ratio. In hydrogen engines, larger compression ratios
than those used in gasoline engines can be used since the self-ignition temperature of hydrogen is
so high. Hydrogen engines can also operate more effectively under lean mixtures. This means
that the temperature of the burnt gases can be lowered resulting in higher specific heat ratios.
Thus, the combined effect of larger compression ratios and larger specific heat ratios increases
the thermal efficiency (indicated) for hydrogen fueled engines [Furuhama and Kobayashi, 1982].
Note that this expression for indicated efficiency is for an ideal engine; in an actual engine the
efficiency (brake) is typically lower due to mechanical and heat losses.

Optimal brake thermodynamic efficiency is obtained by maximizing indicated thermodynamic
efficiency and minimizing mechanical (pumping), heat transfer and friction losses.

Power Output

As a result of hydrogen having a lower volumetric energy density than that of gasoline, a
hydrogen engine will typically have a lower power output than a gasoline engine of the same
size. A stoichiometric mixture of gasoline and air and hydrogen and air mixed externally occupy
~2% and 30% of the cylinder volume, respectively. Under these conditions, the energy of the
hydrogen mixture is only 85% that of the gasoline mixture, resulting in about a 15% reduction in
power. The problem is compounded even further when the engine is operated on lean mixtures.

The loss of power using an externally mixed hydrogen/air mixture can be conceptualized in
terms of engine displacement. For example, a 2.3 liter gasoline engine has a power output
comparable to a larger 2.7 liter hydrogen engine at stoichiometric conditions or a 6 liter hydrogen
engine operating at an equivalence ratio of 0.4. Similarly, a 2.3 liter hydrogen engine operating at
an equivalence ratio of 0.4 produces a power output equivalent to that of only a 1 liter gasoline
engine.

Fuel Injection

Four general fuel delivery systems have been used in hydrogen engines: carburetion, inlet
manifold injection, inlet port injection, and direct cylinder injection. The first three techniques
involve forming the fuel-air mixture during the intake stroke, either through the carburetor, in the
intake manifold, or through an inlet port. Direct cylinder injection is more technologically
sophisticated and involves forming the fuel-air mixture inside the combustion cylinder after the
air intake valve has closed. A brief review of some of the developments of different fuel delivery
systems is given here:

• Carburetion. The simplest method of delivering fuel to a hydrogen engine is via a
carburetor. There are several advantages to using a carburetor with a hydrogen engine. This
system is similar to that used for gasoline engines, which makes it easy to convert a standard
gasoline engine to a dual-fueled gasoline/hydrogen or simply a hydrogen engine. This
application does not require a sophisticated high-pressure injector. The disadvantage to this
technique is that carbureted engines are more susceptible to irregular combustion due to
preignition and backfire.
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• Manifold  and inlet port injection. This technique involves injecting fuel directly into the
intake manifold rather than drawing fuel through the carburetor. Typically, the timing of the
fuel injection is controlled so the hydrogen is not injected into the manifold until after the
beginning of the intake stroke, at a point where conditions are much less severe and the
probability for premature ignition is reduced. The air, which is injected separately at the
beginning of the intake stroke, dilutes the hot residual gases and cools off any hot spots. A
similar technique to manifold injection is inlet port injection. With this system, fuel and air
are injected from separate ports into the combustion chamber during the intake stroke and, as
such, are not premixed in the intake manifold. Both of these methods can be successfully
used to overcome preignition problems, as has been demonstrated by a number of different
researchers.

• Direct cylinder injection. Direct cylinder injection delays the injection of the fuel until after
the intake valve is closed. Thus, if undesired ignition does occur, its effect is isolated from
the intake manifold. The disadvantage of direct cylinder injection is that the time for the air
and fuel to form a homogenous mixture is limited.  This tends to results in higher NOx
emission.

The method for fuel induction chosen for this project was port injection. Four electrically
operated solenoid valves are used to independently meter fuel to each of the cylinders. Section
3.1 discusses the implementation, which also is described in detail in the final report for the
previous research project.

Task 1.3 Hydrogen Storage System

The natural gas vehicle (NGV) industry has developed standards and a number of commercially
available products, including fuel storage and delivery systems. CE-CERT determined that 3,600
psi storage tanks designed for compressed natural gas are suitable for use with hydrogen. For this
project, a tank manufactured by EDO was procured and installed at the front of the truckbed,
immediately behind the cab. For an ICE-powered vehicle, this small tank would allow for only
limited vehicle range, since hydrogen stores less energy per unit of volume than natural gas. For
the hybrid application, however, the tank is adequate to provide for the vehicle’s fuel needs.

Tank manufacturers generally concur that hydrogen can be stored as well as natural gas. They
point out, however, that their tanks are certified by the U.S. Department of Transportation only
for use with natural gas. For the tanks to be marketed commercially as hydrogen tanks,
recertification or at least a new review by the USDOT would be necessary.

Task 1.4 Dynamometer Testing

As noted in Section 2.1 existing testing cycles are not entirely appropriate for HEVs. Many of the
cycles are too short to activate the APU or to provide a true representation of how the HEV will
perform in the field. The U.S. Environmental Protection Agency, the Society of Automotive
Engineers, and other organizations are attempting to address this issue.
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Most of the dynamometer testing of the engine occurred before it was installed in the HEV
testbed. Initially, this was to complete the programming of the engine controls. Subsequently, the
testing measured emissions and energy.

Dynamometer testing of the completed HEV was limited to a small amount of steady-state and
transient-mode testing.

Task 1.5 Road Test and Evaluation

Because of the large amount of engine dynamometer testing and simulation analysis performed,
road testing was limited to trips designed to verify the modeled results. No specific courses or
cycles were used. Additional road testing took place as part of Task 3.

3.2 Task 1 Discussion and Procedures

Fuel Injection

Instead of developing the injectors from the ground up, it was decided to first investigate the
feasibility of using commercially available natural gas injectors. To do this, four different size
natural gas injectors made by BKM in San Diego, CA, were tested. The flow requirements for
the fuel injectors are based on two engine configurations. The first is a variable speed engine for
a conventional vehicle with the following specifications:

• Eight cylinders, naturally aspirated.
• Approximate displacement of 350 cu. in. (5.7 liters).
• Maximum engine speed of 5,000 rpm.

The second engine is a constant speed engine for a hybrid electric vehicle with the following
specifications.

• Four cylinders, naturally aspirated.
• Approximate displacement of 136 cu. in. (2.2 liters).
• Maximum engine speed of 3,500 rpm.

The flow calculations are described in the December 1997 report to the District titled
“Development and Evaluation of a Hydrogen Fuel Power Plant for a Hybrid Electric Vehicle”
[Norbeck et al., 1997]. Therefore, they are not repeated here.

Injection of the hydrogen late in the air intake cycle enables the incoming air (no fuel) to cool hot
spots that may have formed on the valves or in the combustion chamber, thus minimizing the
chances of the fuel igniting prematurely (preignition). Because injection time is inversely
proportional to engine speed, this is not a difficult requirement for low engine speeds. However,
for high engine speeds this requirement becomes very critical.

Four Servojet pulse-width-modulated electronic natural gas injectors, models SP-010, SP-014,
SP-021, and SP-051 manufactured by BKM, were selected to be evaluated for use with
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hydrogen. The Servojet pulse-width-modulated electronic gas injector is a two-way, normally
closed, solenoid-operated valve. Designed with corrosion-resistant materials, it meters gaseous
fuels into the intake system of internal combustion engines. The injector is a cartridge design for
easy installation. These injectors are typically pulse-width-modulated to meter fuel quantity at
any operating frequency, even above 100 Hz. With sonic flow across the valve inlet when fully
open, mass flow is approximately proportional to the supply pressure [Barkhimer and Wong,
1995].

The basic design of the gas injector was derived from the fast responding solenoid valve, which
is described in detail by Barkhimer et al. [1983]. The injectors consist of a solenoid coil and
valve assembly. The coil assembly consists of solenoid winding and electrical connection. The
valve assembly is comprised of the valve body, which holds the solenoid armature, ball poppet
and seat. Figure 3-1 shows the operating concept of the injector. The cross-section of the actual
injector is shown in Figure 3-2. With the solenoid de-energized, the supply pressure, assisted by
a spring, forces the solenoid ball poppet on its seat, prohibiting gas flow. When the solenoid is
energized, the ball poppet is lifted off the seat and held against the stop. Gas then passes through
the valve seat and outlet port of the injector. The solenoid is a low resistance coil designed for
rapid response, and is typically actuated by a current to 4 amperes, then reduced and held at 1
ampere to conserve energy for the duration of the energized time (pulse width) [Barkhimer and
Wong, 1995].

Figure 3-1. Operating Concept of Hydrogen Injector [Norbeck et al., 1996]
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Figure 3-2. Injector Cross-Section [Norbeck et al., 1996]

Maximization of Indicated Thermodynamic Efficiency

To increase the indicated thermodynamic efficiency of the engine the compression ratio was
increased from 7.7:1 to 11.9:1 and the engine was operated at equivalence ratio phis of 0.5 or less
(normally around 0.4).

Minimization of Pumping Losses

In a standard gasoline engine, the fuel-to-air ratio is kept more or less constant throughout the
driving range, and the power output is controlled by varying (throttling) the amount of charge
inducted into the intake manifold (air throttling). A distinct advantage of using hydrogen as a
fuel, with its wide range of flammability, is that the fuel-to-air ratio (or the “quality” of the
charge mixture) can easily be varied to meet different driving conditions or loads. This scheme of
controlling the engine power output by changing the fuel-air ratio is called quality control. This
unique attribute enabled the engine to be operated at wide-open-throttle at nearly all loads
(similar to a diesel engine), and thus minimizing the pumping losses compared with a throttled
engine.

Minimization of Heat Transfer Losses

To minimize turbulence and any unnecessary heat transfer losses it has been suggested that the
combustion chamber should be quiescent, avoiding squish and swirl. The most efficient shape for
the combustion chamber to accomplish this would be a simple right circular cylinder with no
squish and a flat top piston. In addition, long stroke, controlled turbulence, and big cylinders
(low surface area to volume ratio is preferred) [Smith et al., 1995]. Due to the orientation of the
valves, a perfect right circular cylinder (disk shape) combustion chamber was not possible.
However, a quasi-right circular cylinder shape combustion chamber was obtained by flycutting
the head and thereby minimizing the volume of the valve pocket. The valve pocket volume was
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reduced from 43 cc to 21 cc. In addition, the cylinder bore and stroke length was increased from
85.5 mm and 69 mm to 92 mm and 84 mm, respectively. This resulted in an increase in
displacement from 1584 cc to 2234 cc.

Minimization of Frictional Losses

Approximately 70% to 80% of all ICE frictional losses are due to piston and ring-package “drag”
against the cylinder wall as the piston moves up and down the bore of the cylinder. The faster the
engine speed, the higher the frictional losses. To minimize these frictional losses the engine was
design to operate at relatively low engine speeds.

Volumetric Efficiency and Best Torque

Volumetric efficiency is the ratio of the mass of actual air inducted into the cylinder divided by
the mass of air that would fill the cylinder at atmospheric conditions. Best torques occurs at the
engine speed that produces the highest volumetric efficiency. Volumetric efficiency (and torque)
was maximized by optimizing valve timing events around the operating speed of the engine and
sizing (tuning) the lengths and diameters of the intake runners and exhaust headers for optimal
intake ram charging and exhaust gas scavenging. The heads were also ported and polished to
reduce intake air drag.

Emissions

NOx are the most significant emissions of concern from a hydrogen vehicle. The formation of
NOx in a combustion engine is a consequence of using ambient air, which contains about 80%
nitrogen, in the combustion chamber. When the combustion temperature is high enough, nitrogen
and oxygen from the air portion of the mixture will combine to form NOx. If the combustion
products cool at a rate faster than the reaction rate for dissociation back to nitrogen and oxygen,
the NOx formed will become an emission product. The formation of NOx in the combustion
reaction is primarily a function of three variables: (1) the reaction temperature; (2) the reaction
duration; and (3) the availability of oxygen. An increase in any of these variables leads to an
increase in NOx emissions.

Given the wide range of flammability of hydrogen, a hydrogen engine can run on either a very
lean mixture (lean burn), which reduces the combustion temperature, or a very rich mixture,
which reduces the oxygen supply. The lean burn strategy was chosen for this engine, operating
the engine between ER phis of 0.2 (point at which misfire starts to occur) and 0.5 (point at which
NOx formation starts to increase rapidly. (See Figure 3-3.)

Engine Control

An aftermarket engine control module (ECM) made by Motec was used to control all the engine
functions. This programmable ECM was used to develop timing and injection maps during
engine dynamometer testing. Because of its “on-the-fly” tuning capability, parameters were
adjusted while the engine was operating to optimize torque. It is envisioned that once the optimal
operating strategy is developed, a circuit board will be fabricated to operate the engine without
the need for the Motec ECM. For this project, however, funds were not available to fabricate
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such a board and therefore the Motec ECM was used to control all the engine functions while it
was on the engine dynamometer and while it was in the testbed HEV.

Ignition Control

The stock ignition system that originally came with the engine used a centrifugal advance
distributor, which directly provided the voltage signal to the fire spark plugs. There was no
ECM. This system was incapable of being changed “on-the-fly” and therefore was replaced with
an electronic ignition system that could be controlled by the ECM.

Figure 3-3. NOx vs. ER Phi.

Because such a system was not available for this engine, CE-CERT developed a custom system.
This new system used the body and drive gear of the existing distributor, the 4-tooth reference
wheel from a VW Rabbit electronic distributor, and the rotor from a Compufire ignition system.
The VW Rabbit reference wheel was use to provide the ECM the reference (REF) signal (i.e. a
top dead center(TDC) signal for each cylinder), and the Compufire rotor was used to provide the
ECM the synchronization (SYNC) signal (i.e. to identify which of the four REF signals is for
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cylinder #1). Using this information, along with the ignition timing map, the ECM can determine
when the spark signals need to be sent.

Fuel Storage

The fuel storage system consists of a single, high pressure, graphite wound composite tank
Model 165 manufactured by EDO of Canada. The tank has a water volume of 5.64 cubic feet and
at its maximum working pressure (MWP) of 3,600 psi is capable of storing 5.6 pounds of
hydrogen (an energy equivalent of approximately 2.5 gallons of gasoline).

The ancillary system consists of the following components:

• A pressure regulator to reduce the pressure from the storage tank to the engine.
• Pressure gauges at the inlet and outlet of the regulator.
• A manual shutoff valve at the outlet of the tank so the tanks can be isolated from the system.
• A solenoid shutoff at the engine to stop flow to the engine when the engine is off or if there is

a loss in power.
• A thermal and pressure relief valve at the storage tank.
• A refueling connector.
• A fuel rail with a temperature and pressure gauge.
• Two fuel injector manifolds.

All the component of the ancillary system were “off-the-shelf” items except for the two fuel
injector manifolds. These manifolds (one for the two left bank cylinders and one for the two right
bank cylinders) were developed by CE-CERT to house the injectors. The manifolds used the
existing gasoline fuel injection ports in the air intake manifold to inject the hydrogen into the
cylinders.

3.3 Task 1 Results

Task 1: Develop Hydrogen-Fueled ICE APU

The engine was tested on a Superflow SF-901 dynamometer with a hydraulic absorber unit. The
dynamometer is located in a fireproof test cell which is equipped with an exhaust eductor, an air
inlet eductor, and an air conditioned inlet to the engine.

The hydrogen supply consists of a bank of 10 K-type gas cylinders, each containing
approximately 195 cubic feet of gas at 2,200 psi. A pressure regulator, located between the
hydrogen supply and engine fuel rail, is use to maintain the hydrogen at the proper operating
pressure.

Ignition Timing Map

Experiments have shown that at a constant air-fuel ratio (AFR), timing advance is not as
sensitive for engines operating on hydrogen as it is for engines operating on gasoline. However,
as the AFR varies, timing advance becomes very important for hydrogen engines. The primary
reason for this is that the deflagration rate for hydrogen increases very quickly relative to
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gasoline as the AF goes from a lean mixture to a rich mixture. For instance, at a very lean AFR,
the burning velocity of hydrogen is similar to that of gasoline. However, at a stoichiometric
mixture of hydrogen and air, the burning velocity of hydrogen is almost 10 times that of
gasoline.

Fuel Injection Map

For most spark ignition engines, fuel injection timing and duration are based primarily on load
and engine speed. The ECM interprets load from inputs provided by either a Mass Air Flow
(MAF) sensor, a Manifold Air Pressure (MAP) sensor, or a Throttle Position Indicator (TPI)
sensor and engine speed from a tachometer sensor. The ECM will take these inputs and
determine the appropriate injection time and pulse-width (PW) to maintain a constant AFR. As
mentioned earlier, this is method of maintaining a constant AFR is called quantity control. For
this engine, however, a variable AFR, or “quality” control, is desired. Therefore, instead of
providing the ECM with an air input measurement (MAF, MAP, or TPI) which only varies with
engine speed and not load, it will be provided with signal based directly on fuel demand (power).
For a conventional vehicle this would be provided to the ECM by the means for a sensor on the
gas foot pedal; in the case of a HEV, an electrical input proportional to power desired.

Engine Performance

The engine was tested at speed ranges from 1,500 RPM to 3,500 RPM for most settings. Below
1,500 RPM, no smooth operation was achieved because of rough running, which might have
been caused by fast pressure rises. Since the objective was to optimize the engine for its intended
use in a charge-sustaining, thermostatic HEV, little effort was dedicated toward determining the
optimal parameters at lower engine speeds.

The biggest problem in increasing the power output of the engine beyond 25 kW was severe
backfire. Short-term power could be increased to 31 kW when the engine was cool enough.
However, after about 1 minute, the time it takes to warm up the engine, backfire occurred. The
engine had to be run at very lean conditions after that time or even shut down. It was observed
that once backfire occurred, the intake runners would heat up immediately, therefore preheating
the charge for the next cycle. This made the engine even more susceptible to backfire. To
minimize the influence of the intake runners on backfire, the original intake runners were
replaced by shorter runners, which were just long enough to hold the injectors. There was no
noticeable improvement.

The engine delivered peak power at 3,250 RPM. Maximum torque occurred around 1,500 RPM.
Figures 3-4 a, b, and c show performance maps for the engine.

Thermal efficiency generally increases with the equivalence ratio. This apparently is because
friction losses are relatively greater when engine power output is low. The optimum for the brake
thermal efficiency in terms of the equivalence ratio appears to be at roughly ER = 0.5. Brake
specific fuel consumption (bsfc) is proportional to the inverse of the thermal efficiency.

Detailed results for engine performance are described in [Stuber, 1997] and excerpted in the
Appendix.
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Figure 3-4. Engine Performance Maps.

a. Brake specific fuel
consumption.

b. Specific power. c. Thermal efficiency.

Emissions

It was calculated that NOx emissions would have to be below 180 ppm for the engine to achieve
ULEV standards with the vehicle modeled [Stuber, 1997]. At the design speed of 3,000 RPM,
this appears to be achieved. The power output at this point is 20.6 kW (27.6 hp) at an
equivalence ratio of 0.53. At maximum power output at 3,000 RPM (24.3 kW, or 32.6 hp), NOx
levels rise to 280 ppm.

Because of excessive wear on some engine cylinders before repair, notable amounts of carbon
monoxide (CO) were found in the exhaust. The source of the carbon was motor oil leaking into
the combustion chamber. Repair of the engine remedied this problem. At the design speed of
3,000 RPM, CO emissions comply with ULEV standards.

Figures 3-5 a and b show NOx production maps. Detailed results for engine performance are
described in [Stuber, 1997] and excerpted in the Appendix.
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Figure 3-5. NOx Emissions.

a. NOx production (ppm). b. NOx production (g/kwh).
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4. Development of an Intelligent Energy Management System

4.1 Task 2 Approach

Design of an alternative energy system for a vehicle must meet the requirements of government
for safety and emissions; industry for commercial feasibility and manufacturability; and, most
important, the potential to satisfy the customer’s needs. Consumers would consider replacing
their gasoline-powered ICE automobiles only if the alternative vehicles exhibit equal or
improved performance. The cost of the alternative-powered vehicle also must be competitive.

An ideal HEV would use its APU as little as possible, for two reasons:

1. Charging batteries from the electric grid is less expensive and lower-emitting than charging
them with the APU.

2. In a series hybrid, the APU is less efficient than a conventional ICE configuration because
there are unavoidable losses in the generator, the battery, and the motor before the energy
reaches the wheels.

The most common energy management strategy is a charge-sustaining thermostatic strategy. A
thermostatic energy manager monitors the battery until the state-of-charge (SOC) drops below a
preset minimum (e.g., 20%), and then activates the APU to recharge the battery. The APU
continues operating until the battery is recharged to a preset maximum charge level (e.g., 90%).
This energy management strategy does not consider the actual energy demands of the vehicle nor
the expected driving conditions. While the thermostatic energy management strategy is easy to
implement and can satisfy performance requirements, it is often suboptimal with respect to total
energy use and therefore total emissions.

Another energy management strategy, known as load following, attempts to reduce the amount of
energy cycled through the battery by varying the level of power produced by the APU over time.
The load following strategy monitors the vehicle’s instantaneous power requirements as well as
the battery SOC. This information is used to determine the ideal power level that the APU should
be producing at any instant, with the goal of providing the desired performance while
maintaining the battery SOC near its most efficient level. The APU throttle command is then
varied to achieve this desired power level. The advantage of the load following strategy is that it
can improve overall energy efficiency by reducing the total amount of energy cycled into and
back out of the battery. A disadvantage of load following is that it requires the APU to operate
over a range of conditions, rather than only at its most efficient operating point. Depending on
the APU design, as well as on the variations in power requirements, this disadvantage of the
load-following strategy may be significant enough to negate the strategy’s overall performance
improvements.

Both the thermostatic and load following energy management strategies are reactive — they
respond to changes based on instantaneous energy requirements. These approaches are inherently
suboptimal in certain situations:
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1. If the SOC happens to be low when high power is required (e.g., when passing or climbing a
hill), performance will suffer.

2. If the APU is activated near the end of a trip, the vehicle may complete the trip with an
unnecessarily high battery SOC, using excess fuel and creating unnecessary emissions.

3. If the APU is activated before a regenerative braking opportunity (such as a long downhill
stretch), the battery may reach a high SOC just as the regenerative energy becomes available.
However, since the internal charging resistance of the battery increases with SOC, a nearly
full battery could not absorb the regenerated energy efficiently. Furthermore, if the APU
remains active during the recharging opportunity (as it might in the thermostatic strategy),
the total battery charging current will be very high. A high charging current leads to large
internal losses since the power dissipated by the battery during charging increases as the
square of the charging current. Both scenarios result in poor charging efficiency, effectively
wasting much of the available regenerative energy.

For many trips, it would be possible to activate the APU less often while still achieving all
desired performance characteristics, if the energy management system were able to predict the
vehicle’s future energy needs.

In Task 2, we developed predictive HEV energy management strategies. The objective of such
strategies is to manage battery SOC so that all desired performance characteristics are guaranteed
while APU and fuel usage (and therefore vehicle emissions) are minimized. This is achieved by
enabling the control system to identify the intended route and the terrain that will be encountered
along the way. It is reasonable to assume that the information required for prediction — such as
current position and velocity, expected waypoints, and roadway data—will be available on future
vehicles. All vehicles have speedometers that provide velocity data, and some vehicles already
are equipped with electronic maps or global positioning systems (GPS). Either of these
approaches, even in its crudest form, could supply the necessary data with sufficient accuracy for
this type of application (~100 m).

The predictive energy management system is asked to find the best APU charging schedule
based on knowledge of the vehicle position and trip description, and subject to a given “cost
function.” This cost function evaluates the quality of any given charging schedule. It might, for
example, contain terms which reward infrequent use of the APU, punish excessive APU cycling,
and punish the inability of the vehicle to meet expected performance requirements. The process
of finding an optimal APU charging schedule involves searching through many candidate
schedules, evaluating each schedule using the given cost function, and identifying the best
schedule found. This search and optimization process is very complex, and results can vary
drastically depending on the search algorithm. To assure good performance, the predictive
energy management system of Task 2 employs an intelligent planning system, with the purpose
of automating the search for an APU charging schedule which optimizes the given cost function.
Furthermore, the planning system is charged with updating the APU schedule on-line, as
warranted due to changing traffic, roadway, and weather conditions, and driver desires.

Figures 4-1a to d illustrate the type of decisions made by the planning system in evaluating a
particular charging schedule. Figure 4-1a shows the elevation profile of a proposed route to be
traveled, plotted as road elevation vs. distance along the route. Note that the maximum slope of
the roads in this profile is less than 7%. This elevation information, along with the expected
velocity profile for the route, represents the input to the planning system. The planner uses this
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information to predict the energy requirements for the vehicle. A charging schedule, like the one
shown in Figure 4-1b, dictates at which moments during the trip the APU will be switched on
(APU_cmd = 0) or off (APU_cmd = -2). Using an APU charging schedule along with the
elevation and speed profile of the expected route, the planner can estimate the battery state-of-
charge and fuel usage during the trip. For example, Figure 4-1c shows the SOC profile which is
predicted to result when the charging schedule of Figure 4-1b is applied over the route shown in
Figure 4-1a, assuming a steady velocity of 25 m/s (56 mph). The planner can then evaluate the
merit of any particular charging schedule using a designer-specified cost function. The planner
can generate and search over a population of charging schedules to find the optimal schedule
relative to the given cost function and route. An appropriately designed system would, for
example, automatically deactivate the APU at the correct time to complete the trip with a nearly
empty battery pack.

The above steps of generating, predicting, and evaluating a potential charging schedule will be
repeated many times by the planning system during its search for an optimal APU charging
schedule. The purpose of the planning system is to automate the process of generating and
searching through the candidate charging schedules. During this search, the planning system
repeatedly alters the potential charging schedule, predicts the resulting SOC profile, evaluates the
merit of the schedule using the cost function, and retains the best schedule found. To perform this
search process, the planning system must have several capabilities. In particular, it must be able
to:

1. Predict route and trip characteristics.
2. Predict vehicle energy consumption.
3. Monitor energy use relative to what was predicted.
4. Automatically generate alternative charging schedules.
5. Evaluate each schedule subject to a given cost function.

The planning system chosen for Task 2 provides capabilities 3 and 4 inherently. The remaining
three capabilities were provided explicitly by the first three phases of Task 2, described below.

Task 2.1: Develop Roadway Database

The energy requirements of any vehicle vary significantly with two main factors: vehicle
velocity profile and vertical rise of the road. To predict the energy requirements of the HEV over
a particular route, the energy management system must estimate the velocity and elevation
profiles over that route. The pointwise elevation and velocity profiles for a roadway network are
relatively time invariant, and can be stored in a database which represents attributes of the
roadways that are of interest. Road-interconnectivity and speed-limit information is
commercially available in various geographical databases. Therefore, the first phase of Task 2
was to design and implement a database which contains the pertinent roadway information
needed by the energy management system, and then to provide an efficient interface between the
energy management system and the resulting database. For the purposes of this project, the scope
of the roadway database was limited to the major roadways within the western portion of
Riverside and San Bernardino counties.
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Figure 4-1. Planning System Decision-Making.

a. Road
elevation vs.
distance

b. APU-
command vs.
distance

c. Battery
SOC vs.
distance

d. Battery
current vs.
distance
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Task 2.2: Develop Energy Use and Battery State-of-Charge Models

To devise an improved APU charging schedule, the energy management system must be able to
reason about the energy requirements and charging characteristics of the vehicle. The second
phase of Task 2 added this capability to the energy management system. Task 2.2.1 developed a
model of the vehicle energy usage as a function of its operating condition. Task 2.2.2 developed
an accurate model of the charging and discharging behavior of the vehicle battery.

Task 2.3: Development of Planning Algorithm

The roadway database of Task 2.1 and the vehicle energy usage and battery state-of-charge
models of Task 2.2 represent tools that the planning system can use in searching for an optimal
APU charging schedule. These tools were incorporated into the planning system. Additionally,
the planning system requires the ability to formulate alternative charging schedules based on
available roadway, energy usage, and trip-dependent information. Finally, a cost function was
devised which the planner used to judge the relative quality of alternative APU schedules. This
cost function rewarded beneficial effects such as low emissions while punishing undesired
conditions such as reduced performance (due to low battery charge at inappropriate times).

When combined, these three additions allow the planning system to implement an optimal
charging strategy as the HEV travels. To summarize, Task 2.3 had three goals: to incorporate the
models of Tasks 2.1 and 2.2, to develop algorithms which could process available information to
produce potential APU charging schedules, and to design a suitable cost function which
evaluates the relative merit of potential APU charging schedules.

Task 2.4: Evaluation

Once the predictive energy management system is implemented as described in Tasks 2.1
through 2.3, the performance of the resulting predictive energy management strategies must be
evaluated. The most appropriate way to evaluate the strategy is to compare it with reactive HEV
control strategies.

It was decided to perform these evaluations with a simulation rather than road testing.
Simulations provide conditions that are easier to control and repeat, and they do not cause
degradation of mechanical systems (such as batteries) that could influence overall performance.
The initial phase of this subtask involved validation of the simulated vehicle model to assure
close agreement between the behavior of the actual and the simulated HEV over a wide range of
operating conditions. The second phase of Task 2.4 used this simulation to perform several
experiments, which were designed to analyze and compare the performance of the predictive
energy management strategy with that of reactive strategies.

Every effort was made while developing the simulation to reduce the difficulty of transferring the
energy management system to the on-board computer in the future. Due to careful design of the
simulation modules and their interface points, it is possible to replace any simulation module
with its real-world counterpart with minimal effort. Thus, executing the predictive energy
management system on board the actual vehicle would effectively be a hardware-in-the-loop
simulation, with the energy manager being the only remaining simulation component.
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Although the simulation was designed toward this hardware-in-the-loop capability, it should be
pointed out that minor complications may arise if the simulated vehicle is replaced with a real
vehicle. First, while the simulation used the planning system to choose the vehicle route
automatically, the routing process may not be automated on the real HEV. This would force the
planning system to rely on its monitoring capabilities to a greater extent. Such on-line
monitoring will involve correlation of database location information with the sensed vehicle
location. This correlation process may place additional requirements on the accuracy of the
location information stored in the roadway database of Task 2.1. This accuracy issue did not
exist in simulation, since the simulated roadways were based on the same roadway database
information. Additionally, the simulation experiments used a pair of controllers to force the
vehicle to follow the chosen trajectory and to maintain the desired vehicle speed. These
controllers would be replaced by a human driver on a real HEV, which would again lead to
increased dependence on the planning system’s ability to monitor HEV operations on-line. The
introduction of a human operator may also require modifications to the process of deriving the
expected velocity profile over a predicted route.

4.2 Task 2 Discussion and Procedures

Task 2.1: Develop Roadway Database

Since the planning system focuses on the energy requirements for traversing a given set of roads,
emphasis was placed on providing data on roadway attributes. Most geographic databases
contain information that is irrelevant to the planning strategy, such as ZIP codes, telephone area
codes, and city boundaries. Eliminating this information reduced the amount of data to be
programmed into the planning strategy.

The remaining attributes were further subdivided into those which were critical to operation of
the energy manager, and those which represented information useful in creating a human-
readable interface to the roadway database, but weren’t critical to its operation. All selected
roadway database attributes and their classifications are listed in Table 4-1.

Table 4-1. Desired Roadway Database Attributes

Critical Attributes Non-critical Attributes

Roadway connectivity information, organized as
A set of nodes, with (lat/long) coordinates
A set of road links, each linking two nodes

Elevation of each node

Expected speed on each road link

Legal speed limit on each road link

Priority-level of each road link

No. of lanes along each road

Name of each road link

Names of important nodes

Three databases (Tiger, Etak, and CE-CERT GPS data available from previous research) were
evaluated. The review for elevation determined that CE-CERT global positioning system (GPS)
provided the most accurate roadway elevation data as required for this project. The only other
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database containing elevation data shows the ground level at fixed intervals. Because roadways
frequently are elevated above ground level, this information is inadequate.

CE-CERT evaluated a number of commercially available databases for roadway information.
After consideration of many attributes, CE-CERT chose the Etak database marketed by Etak,
Inc., because it appeared to contain the most accurate and most extensive data describing
roadway locations and interconnectivity. However, integrating the data from Etak and GPS
proved to be difficult because of a non-negligible, non-linear offset between the location
information of the two databases. Reconciling the two databases would have required significant
expense, so the decision was made to use the GPS data only. The main disadvantage of the
chosen GPS database was the relatively limited set of roadways it represented. While this data
limitation could be addressed by gathering additional data using GPS to enhance or revise the
database as necessary, it did not affect our ability to complete the comparative study portion of
this project. In a commercial application, the above issues would be straightforward to address,
and would not represent significant technological challenges.

The next step was to design and implement a database to contain this information. The first step
in designing any database is to specify the internal organization of the data. The internal
organization of the roadway database was selected so as to maximize the efficiency of the
database accesses that the predictive energy management system would later make.

The predictive energy manager would usually be interested in the set of attributes related to a
given road-link or node. To accommodate this type of request, the roadway database was
implemented as a relational database, representing each roadway and each node as an object,
and storing all remaining information as attributes associated with either a road-link or a node.
Each set of node attributes included its lat/lon coordinates, elevation, and name, if any. The
remaining attributes were assigned to each road-link. The link attributes, therefore, described the
pair of nodes connected by that link, as well as the speed-limit, average speed, name, priority
level, and width of that road-link.

The name “relational database” is given to this type of data arrangement because each object in
the database refers to a set of related attributes, and the entire database is organized to improve
the search for particular objects. Queries to a relational database can be handled very efficiently
if they seek the set of attributes associated with a given object, rather than seeking the set of
objects that share a common attribute. Thus, the chosen representation for the roadway database
minimizes the time needed to find information about either a node or a link.

The relational database format facilitates editing and enhancement of the database information
through its simple data organization. Due to the expectation that elevation data might be
augmented or improved in the future, a process for incorporation of higher-quality data from
elevation maps or from GPS was devised. However, experimentation using the roadway database
revealed that the accuracy of the present elevation data was sufficient to allow execution of the
predictive energy management system without further data refinements.

The last part of the database development task involved creation of an efficient interface between
the energy management system and this database. Design of this interface was straightforward
because of the relational model of the roadway database. The implemented interface consists of a
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small set of routines which import, query, and manipulate the set of attributes associated with a
given roadway link or node.

Task 2.2: Develop Energy Use and Battery State-of-Charge Models

Task 2.2 provides the planning system with the capability of predicting future vehicle energy use
and battery SOC. This predictive capability was achieved by a set of models which take as input
a given initial vehicle state and a description of an operating scenario in terms of expected
elevation and velocity profiles. The models produce as output an estimate of the vehicle state
after executing that scenario. These models were implemented using a set of simplified
differential equations which evaluate the instantaneous vehicle energy requirements and battery
dynamics in a given situation. To predict the vehicle state far into the future, the planning system
performed a numeric integration of these differential equations starting from the current state at
the current time, and integrating the predicted vehicle state through time until reaching the
desired future time or location. At each integration time-step, the differential equations received
two inputs: the acceleration and velocity expected at that time-step, as determined by the given
acceleration and velocity profiles. The result of applying this numeric integration process was a
planning system that could anticipate the future energy requirements of the vehicle.

To be clear, the planner integrates simplified vehicle differential equations to analyze expected
outcomes of alternative charging schedules. Meanwhile, the vehicle simulation used to execute
and evaluate the charging schedule produced by the planner is always the complete high fidelity
vehicle simulation.

Task 2.2.1 developed the differential equation modeling the vehicle energy use. Since the
derivative of energy is power, an equation for the instantaneous mechanical power consumed by
the vehicle was derived. This equation contains four terms, which account for climbing,
acceleration, rolling drag, and aerodynamic drag. The resulting equation for vehicle power at
time t is:

Power t( ) = F t( )V t( ) = mg sinφ t( )+ Ca maobs t( )+ Crmgcosφ t( )+
ρ
2

Cd Aeff V t( )2 
 

 
 V t( )

(2)

The individual parameters involved in this equation are described in Table 4-2. This table also
shows the appropriate value for each constant parameter, as well as its units.

The values of some of these parameters, including the acceleration coefficient and the density of
air, were found in the literature. Others such as vehicle weight were measured off-line. The
remaining parameters, including rolling and aerodynamic drag coefficients, were determined by
curve-fitting drag-force measurements observed during a set of road-tests. This last set of
parameters would form ideal candidates for on-line parameter estimation algorithms, a capability
which may be added to the planning system in future projects.
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Table 4-2. Parameters of Energy Use Model

Symbol Description Value Units

m Total vehicle mass (sprung plus unsprung) 1819 kg

V t( ) Instantaneous forward velocity varying m s

g Acceleration of gravity 9.81 m s2

φ t( ) Angle of the ground below horizontal,
measured about the vehicle y-axis

varying radians

aobs t( ) Currently observed vehicle acceleration varying m s2

Ca Acceleration coefficient1 1.2 none

Cr Coefficient of rolling drag 0.015 none

Cd Coefficient of aerodynamic drag 0.34 none

ρ Density of air 1.202 kg m 3

Aeff Effective cross-sectional area of vehicle 2.2 m 2

The second part of Task 2.2 produced a battery state-of-charge model, based on a simplified
model of the vehicle electrical system. The electrical system consists of the battery, motor,
generator, and pulse-width modulator, as shown in Figure 4-2.

Task 2.2.2 produced two different models for predicting the state-of-charge of the battery. The
two models differ in complexity, as the first considered the effects of incipient and polarization
capacitance of the battery (Ci  and Cp  in Figure 4-2), while the second ignored these effects. Both

models used the same parameter values, which were obtained from the battery manufacturer and
from the literature [Shepard, 1965] Table 4-3 defines all of the parameters of both battery SOC
models, and also lists the value and units used for each parameter.

Neither battery model considered the effects of temperature or usage patterns on battery
characteristics, for two reasons. First, modeling these effects was not the primary concern of this
project, and the simplified model was sufficiently accurate. Second and more important, the
literature does not contain a firm theoretical model of the effects of temperature and usage
patterns on battery behavior, as advanced battery technology is a relatively young research area.
Consequently, both battery capacity Qc  and open-circuit voltage VOC  were assumed to be
constant.

Finally, it should be pointed out that the internal battery resistance during charging was not the
same as that during discharging, and that both internal resistances varied with SOC. These SOC-
dependent resistance values represent various internal losses of the battery, including ionization
of the terminals.

                                                
1 This coefficient accounts for various dynamic losses during acceleration.
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Figure 4-2. Simplified Model of the Electrical System.
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Table 4-3. Parameters of Battery SOC Model

Symbol Description Value Units

VOC Open Circuit Voltage (26 cells, 6V each) 312 Volts
Vp t( ) Battery Polarization Voltage varying Volts
Vg t( ) Generator Voltage varying Volts

Vbus t( ) Bus Voltage varying Volts
Vm t( ) Motor Voltage varying Volts
ib t( ) Battery Current varying Amps
ig t( ) Generator current varying Amps
im t( ) Motor current varying Amps

Rg Generator armature resistance 0.0055 Ohms
Rb Battery resistance 0.0234 Ohms
Rm Motor resistance 0.0091 Ohms
Rc SOC-dependent charging resistance 0.0156 1 − SOC t( )( ) Ohms
Rd SOC-dependent discharging resistance 0.0156 SOC t( ) Ohms
Cp Battery Polarization Capacitance 3 Farads
Ci Battery Incipient Capacitance 3 Farads
Qc Nominal Battery Capacity 38.0 Amp-hr

Q t( ) Total capacity discharged from battery varying Amp-hr
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Both battery models used Kirchoff’s Laws to determine the battery and generator currents:

ib t( )=
Vbus t( )− Vp t( )

Rb

               ig t( )=
Vg t( )− Vbus t( )

Rg

(3)

Battery state-of-charge was determined by integrating the total battery current over time:

Q t( ) = ib τ( )
o

t

∫ dτ + Q 0( )

SOC t( ) =
Qc − Q t( )

Qc

(4)

where the initial value of Q 0( ) agreed with the initial state of charge for each experiment.

To maintain a reasonable computation level, both planner models ignored the internal dynamics
of the APU engine and generator, modeling the mechanical power provided by the combustion
engine to the generator as a linear function of the engine throttle command:

Pgen = Vgig ≈ Pbase + Pslope • APUcmd (5)

where APUcmd  is a normalized APU command ranging from -1 (off) through 0 (optimal steady-
state setpoint) to 1 (full throttle). The parameter values were determined via simulation as
Pbase = 19802 W and Pslope = 3152  W.

The pulse-width modulator (PWM) was modeled as a lossless transformation, preserving equal
electric power at both its input and output. To estimate  the electric power Pmot  provided to the
propulsion motor by the pulse-width modulator, the battery model used the instantaneous vehicle
power equation developed during Task 2.2.1 (Equation 1), along with a nominal motor efficiency
ηmot  as:

Pmot = Vbim ≈ ηmot Power t( ) (6)

where both motor and PWM losses are accounted for in the motor efficiency parameter.

The electric motor was modeled as being 93% efficient during normal driving operation by
setting ηmot = 1

0.93. During regenerative braking on the other hand, the motor was modeled as

converting 75% of the excess mechanical power into electric power for charging the battery by
setting ηmot = 0.75  in these situations.

As stated above, the two battery SOC models made different assumptions about the battery itself.
The first, more complex model implemented the following differential equations:
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(7)

where the polarization resistance Rp  was defined depending on the sign of the battery current ib ,

using Rp = Rc  whenever ib  was negative (i.e., battery being charged) and Rp = Rd  at times when

ib  was positive (i.e., battery being discharged). These equations account for the capacitive effects
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of the battery, which have relatively fast natural frequencies. For this reason, the numerical
integration step-size of the planning system had to be chosen carefully so as to avoid numeric
instabilities during the process of integrating these models.

The second battery model was developed under the assumption that the battery capacitance can
be neglected because it did not dissipate energy, and the natural frequency of these elements was
sufficiently high that they had a negligible effect on the long-term battery behavior. This
assumption removed Ci  and Cp  from the circuit of Figure 3-4, simplifying the battery model

significantly. In effect, this second model ignored the internal dynamics of the batteries, and
instead solved for the steady-state battery voltage and current. The equations governing this
simplified battery model were

( )
)()(

)()(

tiRVtV

tiRRVtV

bpocp

bpbocb

−=
+−=

(8)

By assuming that the power-levels of the motor and generator were slowly time-varying with
respect to the numerical integration step-size, it was possible to find a closed form expression for
the steady-state generator voltage, which uniquely determined the bus voltage and battery current
as well:

Vg
4 − VOCVg

3 − 2Rg Pgen + Rb Pgen − Pmot( )[ ]Vg
2 + VOC PgenRgVg + Pgen

2Rg Rp + Rb + Rg( )= 0

(9)

Under the additional assumption that the effects of the generator resistance are negligible (since
its losses could be attributed to the generator inefficiency), the above equation reduces to a
quadratic equation in Vb  (sinceVb → Vg  as Rg → 0)  as shown below:

Vb
2 −VOCVb + Rb Pmot + Pgen( )= 0 (10)

The second battery model used the quadratic formula to solve this equation for the bus
voltageVb t( ), and then found the corresponding battery current as

ib t( ) =
VOC − Vb t( )

Rb + Rp

(11)

Since the second battery model solved for steady-state battery voltage and current, its equations
were not as sensitive to the size of the integration time-step as those of the first model. For this
reason, the second battery model was selected for use as part of the predictive energy
management strategy. Nonetheless, the time-step used to integrate the second battery model had
to be limited to a reasonable duration to assure good prediction accuracy. The model of (7) was
used for simulation.

After implementing the energy use and battery SOC models as described above, the parameters
of both models were validated to ensure a close correlation between the model predicted
quantities and those actually observed on the vehicle. While some parameters could simply be
copied from those of the previously validated vehicle simulation, other parameters represented
drastic simplifications of the underlying dynamic behavior and could therefore not be transferred
or determined directly. In the absence of on-line parameter identification capabilities, these
parameters were identified by curve-fitting to experimentally observed data. An extensive set of
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simulations was performed in which the correlation between the prediction of the model and the
observed behavior of the simulated vehicle were compared. These head-to-head comparisons
provided the necessary feedback to enable proper choice of the required parameter values. When
completed, this validation process had guaranteed that the developed energy use and battery
state-of-charge models did indeed model the actual vehicle behavior very closely. Decreasing the
complexity of the prediction models in this way indirectly improved the ability of the energy
management system to optimize its APU charging schedule, since the planning system was able
to search over more charging plans in a given amount of time. Future research efforts may
automate this verification process by performing on-line parameter identification.

Task 2.3: Development of Planning Algorithm

Task 2.3 provided several domain-specific capabilities to enhance the domain-independent
planning system. The first two capabilities were the roadway database of Task 2.1 and the energy
use and battery SOC models of Task 2.2. By incorporating these results, the planning system
gained the ability to predict the expected energy usage of a candidate charging schedule.

Another important function which was added to the planning system was the cost function. This
function assigns a value to any charging schedule based on the predicted behavior of that
schedule, accounting for factors such as fuel usage, fuel efficiency, battery SOC profile, and
frequency of APU use. The particular cost function implemented here was selected to guide the
planner toward an APU charging profile which achieves the desired vehicle performance while
minimizing total emissions and APU cycling. The implemented function actually evaluated the
utility, or negative cost, of each plan, as it assigned higher values to better plans. Thus the
planning system sought to maximize the score of a plan, rather than minimize its cost. The
planner searched through the space of charging schedules and output the plan it found which
exhibited the greatest utility.

The cost function evaluated the score of a given plan in two phases. The first phase checked if
the plan failed outright, and if so, returned a fixed plan-failure punishment of −1000 , effectively
eliminating the plan from consideration. A plan was said to fail outright if the vehicle state
violated one of several limits at any time during the predicted plan execution. These limits
required that the battery SOC remained between 0.05 and 0.95 at all times, and that the fuel
could not go below 0. A plan also failed if it did not achieve the desired trajectory.

If no such failure was detected, the second phase evaluated the plan utility using a set of
continuous reward/punishment functions. Each component evaluated the predicted behavior of
one of the vehicle state quantities. Let xi  represent the i’th state quantity of interest. Then define

xi = max
t

xi t( )[ ] and xi = min
t

xi t( )[ ]. Evaluation of the behavior of each xi  involved four

additional parameters: a minimum (mi ) and maximum (Mi) threshold value, as well as a
corresponding pair of weighting parameters wi  and Wi .  Using this notation, the objective
function U  was evaluated as

U = wi max mi − xi ,0( )+ Wi max xi − Mi ,0( )[ ]
i

∑ + wcycle NAPU (12)
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where the last term was intended to punish excessive APU cycling. NAPU  was the number of
times the APU was cycled from OFF to ON, and wcycle  determined the punishment per cycle.

The particular cost function implemented in this project analyzed three state-quantities of
interest: Time, fuel use, and state-of-charge. Thus, a total of 13 parameters – 4 per state plus one
for APU cycling – were needed. The particular choices for the parameters of each state are listed
in Table 4-4. This table shows that the cost function punished excess time use (measured in
seconds), excess fuel use (measured in kg), and SOC levels below a minimum threshold.
Furthermore, excessive APU cycling was punished by choosing wcycle = −0.1.

Table 4-4. Parameter Values Selected for Cost Function.

wi mi  (min) Wi Mi  (MAX)

Time DNM 0 -10 0

Fuel Use DNM 0 -1 0

SOC -1000 0.2 DNM 1.0

DNM=Does Not Matter

The planning system was completed by adding the capability to generate and modify APU
charging schedules. Since the set of all potential charging schedules is very large, the process of
searching for such charging schedules was divided into several hierarchical levels. At the highest
level, the planner would search for the optimal route to travel, using the roadway
interconnectivity information of the roadway database. The second hierarchical level considered
the energy requirements of the resulting route to devise an optimal SOC policy for the trip, by
specifying a sequence of guide-values which the battery SOC should follow. The lowest and
most detailed of the hierarchical levels then formulated the best APU schedule to achieve this
SOC policy.

The top level of the hierarchy performed efficient route planning within the map represented by
the roadway database. Here, the planner was given the starting location and desired destination,
and asked to find the shortest path connecting the two locations within the roadway database.
While this capability is tangential to the main goal of Task 2, its implementation was nonetheless
essential, since it allowed automatic generation of multiple driving scenarios.

The particular route-planning algorithm implemented a modified form of Dijkstra’s shortest-path
algorithm [Cromen et al., 1990], which is itself a specialized form of the more general A* search
algorithm [Hart et al., 1968].This route-planning algorithm used total distance traveled to
evaluate the cost of a given route.

The process of scheduling APU usage began at the second level of the planning hierarchy. Once
the prospective route was chosen, the second hierarchical level analyzed the energy requirements
of this route and formulated an SOC policy over the predicted trip. This SOC policy was
implemented in the form of a set of guide values which the battery SOC should follow as the
vehicle traverses the given route. Specifically, the proposed route was subdivided into segments
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of similar length (15km segments were used), and an SOC guide-value was assigned to each
segment. Each guide-value represents a minimum level, which the battery SOC should exceed at
all times while the vehicle traverses the given segment.

The planner formed an initial plan to begin its search for an SOC profile by assigning a fixed
nominal guide-value of 0.3 to all segments. It then predicted the expected vehicle performance
and battery SOC behavior while following these guide-values, and evaluated a plan-score using
the general cost function defined above. The planner was able to modify a given plan to search
for improvements by altering the individual guide-values. Each guide-value could be varied
arbitrarily between a fixed minimum value (alpha) and maximum value (beta). These two
extremes represent the first two parameters of the predictive energy management strategy. The
third and final parameter of this strategy is the width w, which is used to define the maximum
permissible deviation between the SOC guide-value and the actual battery SOC. Common values
for these parameters are (alpha = 0.2, beta = 0.6, w = 0.1). With these parameters, the planner
was free to place a 0.1-unit wide “band” of desired SOC between a minimum of 0.2 and a
maximum of 0.6.

The lowest hierarchical planning level was given as its input a section of the proposed route to be
followed, as well as the commanded SOC policy over that route. The planner would then
formulate a precise APU schedule to achieve the desired SOC profile over the given route-
segment. This process involved choosing the points in time at which the APU would be activated
or deactivated. The power-level of the APU was assumed fixed, meaning the predictive energy
manager performed bang-bang control of the APU.

The initial candidate APU charging schedule was obtained by predicting the behavior of a
thermostatic energy manager whose parameters were set to maintain the SOC within a fixed-
width band above the given segment’s SOC guide-value. After evaluating this initial plan, the
planner could produce alternate APU schedules by changing the APU activation and deactivation
times. Again, the planner automatically generated and compared candidate APU schedules,
subject to its cost function. However, at this level, the cost function was modified slightly to
incorporate the SOC guide-value of each segment. Using the above notation, the cost-function
for the lowest level of the hierarchy used mSOC = SOCguide .

Task 2.3 was completed once these routines were added to the planning system and the proper
operation of the resulting energy management system was confirmed.

Task 2.4: Evaluation

The first part of Task 2.4 involved developing and validating the simulation models, while the
second part applied this simulation to perform a series of evaluation experiments. The HEV
simulation was completed by enhancing an existing EV simulation through the addition of
models of the HEV’s electrical subsystems [Farrell and Barth, 1997]. These models were
developed based on published information from various sources, as well as observed
characteristics and behavior of the real HEV. The detailed implementation of these models was
presented in the Task 2 development section. After these models were completed, the overall
simulation behavior was validated using a series of sample simulations.
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One of the ways in which the predictive energy management strategy is expected to improve on
the thermostatic strategies is by guaranteeing the ability to meet the driver’s performance
demands at all times. Therefore, metrics for measuring a deviation from the desired performance
level must be defined. In addition, the energy manager requires a policy for handling low-SOC
situations.

The low-SOC policy was designed to protect the integrity of the battery pack and prevent total
shutdown of the vehicle electrical systems if possible. If the observed SOC dropped below this
minimum level, the vehicle speed controller was switched from a mode of achieving the desired
velocity to one of recharging the battery. During this mandatory recharge mode, the vehicle
controller activated the APU and limited the commands to the electric motor so that the net
charging current into the battery met or exceeded some minimal level (e.g., 20 Amperes). As
soon as the battery SOC recovered above a safe level (e.g., 20%), the mandatory recharge mode
was canceled, the controller resumed its speed-following mode, and the energy manager resumed
its normal (possibly revised) APU schedule. Note that the driver may perceive a loss of vehicle
power whenever the recharge mode is in effect and the requested motor-power cannot be
supplied. A good energy management system will avoid low SOC conditions.

Evaluation encompassed several sets of experiments. Each such experiment involved four
simulations: the first two traversing a particular trajectory using the predictive energy manager
with two sets of energy-management parameters, and the other two traversing the same trajectory
under identical conditions, but using the thermostatic strategy instead (again varying the
parameters of the strategy slightly). The vehicle performance and the APU charging behavior
were monitored during each experiment. For each experiment, the following quantities were
recorded: length of trajectory, time taken to traverse that trajectory, total time during which
desired performance could not be met, initial and final battery SOC, total amount of fuel
consumed by the APU, total amount of time the APU was active, number of distinct APU
ON/OFF cycles (and start-up phases), and distribution of the battery SOC during the experiment.
Several sets of experiments were performed, systematically varying an individual parameter such
as initial SOC or trajectory length while holding all other aspects of the experiment constant. The
results collected during each set of experiments allowed a meaningful comparison of the typical
behavior of both types of energy management strategies under a variety of operating conditions.
These results are presented and analyzed in Section 3.2.

4.3 Task 2 Results

Task 2: Intelligent Energy Management System Development

The energy management system was required to plan the APU charging profile over a wide range
of energy use patterns. Simulations were based on operating at a fixed speed of 25 m/s (about 56
mph) over random courses and relatively challenging elevation profiles. The length of the trips
varied between 255 km and 500 km. Initial battery SOC ranged between 0.2 (20% charged) and
1.0 (100% charged).

Each experiment consisted of four simulations. The individual simulations that comprised one
experiment differed only in the energy management strategy that each simulation used. Two of
the four simulations used the predictive energy manager (each parameterized differently), while
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the other two used the thermostatic strategy, again with distinct parameters. Within a single
experiment, all other parameters and operating conditions were identical for all four simulations.

For all experiments, the first simulation used the thermostatic strategy with parameters
(alpha=0.3, beta=0.8), while the second simulation used thermostatic with (alpha=0.4, beta=0.8).
The third and fourth simulations used the predictive energy manager with the parameters
(alpha=0.2, beta=0.6, w=0.1) and (alpha=0.15, beta=0.6, w=0.2), respectively. For ease of
notation, the discussion below refers to these four strategy parameterizations as the first, second,
third, and fourth strategy, respectively. Furthermore, this strategy order is also used in the
legends of all plots presented below.

The following quantities were recorded during each experiment:

• Time required to traverse the trajectory.
• Total time during which desired performance could not be met.
• Final battery SOC.
• Total amount of fuel consumed by the APU.
• Total amount of time the APU was active.
• Number of distinct APU Off/On cycles (i.e., APU startup phases).
• Distribution of battery SOC during the experiment.

Many of the experiments resulted in significant differences between the initial and final SOC
levels, as well as noticeable variations in the total fuel use. To evaluate the total energy
requirements of a particular route, a method was developed which combined the total fuel use
and the net changes in battery SOC into a single “energy use” term. To combine these values, the
difference between the initial and final SOC levels was converted into an equivalent amount of
fuel by using ηconv , the average observed fuel-to-electric-energy conversion efficiency of the
APU. A value of ηconv = 0.323 was determined by observing an average change in SOC of 0.323
in response to using 1kg of fuel in the APU.

If the final SOC was lower than the initial SOC, then the fuel equivalent was an estimate of the
amount of additional fuel that the APU would have required to return the final SOC up to the
initial level. Conversely, if the final SOC was higher than the initial SOC, then the fuel
equivalent represented the amount of excess fuel that, if it had not been used by the APU, would
have resulted in a final SOC equal to the initial SOC. Adding this equivalent fuel amount to the
observed fuel use produced the “equivalent fuel usage” of each experiment:

Equiv. Fuel usage = Fuel0 − Fuelfinal +
SOC0 − SOC

final( )
ηconv

(13)

This equivalent fuel use was determined for all experiments, providing a fair view of the total
energy usage of each trip and strategy.

The particular parameterization of each set of experiments is described below.
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Set 1 – 300 km, varying initial SOC

The first set consisted of 9 experiments which all used the same 300 km trajectory. The initial
SOC varied from 0.2 for the first experiment to 1.0 for the last experiment, increasing in
increments of 0.1. The results from this set of experiments are shown in Figures 4-3a through e,
with initial SOC along the x-axis of each plot.

Figure 4-3a. Total Time Required vs. Initial SOC
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Figure 4-3b: Total Length of Performance Failure vs. Initial SOC
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Figure 4-3c: Final SOC vs. Initial SOC
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Figure 4-3d. Total Fuel Usage vs. Initial SOC
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Figure 4-2e. Equivalent Fuel Usage vs. Initial SOC
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Figure 4-3a shows the total time required by each strategy to traverse the given trajectory. Note
that most simulations required 12033 seconds (3.34 hours) to traverse the trajectory, except for
the first (thermostatic) strategy, which required additional time for the simulations with initial
SOC above 0.5. This additional time coincides with failure to meet performance requirements.
This fact is confirmed by Figure 4-3b, which shows that all simulations meet performance
requirements except for the first strategy when initial SOC exceeds 0.5. These plots prove that
the thermostatic energy management strategy cannot always guarantee that performance
requirements will be met. On the other hand, the predictive energy manager provided desired
performance regardless of the initial SOC. The physical reason for the failure of the thermostatic
approach is that when the initial SOC is high, the APU is not switched on until it is already on a
significant hill. Since the battery pack is essentially empty and the APU cannot supply the
desired power for high-speed hill climbing, the performance suffers.

Figure 4-3c shows the final SOC for all simulations of Set 1. This figure confirms that the
predictive energy management strategy produces consistently lower final states of charge than
the thermostatic strategy. This behavior translates directly into reduced fuel use, as shown in
Figure 4-3d. Both plots show that the predictive energy manager reduces overall fuel use in
exchange for lower final state-of-charge2. By reducing the final SOC, the predictive energy
management strategy effectively reduced the amount of electricity generated by the APU in
exchange for additional electricity produced by the electric utilities. This tradeoff would lead to a
reduction in overall emissions since the emission-levels associated with electricity generated by
the utilities are assumed to be lower than those associated with usage of the APU.

                                                
2Percentage differences in fuel usage (i.e., x% fuel savings) is misleading in these examples and should not be
computed.  The percentage fuel use difference can be easily distorted. For a long trip, the percentage difference
approaches zero, since the total fuel used increases. For a short trip, the percentage difference can be excessively
large, since the total fuel usage is quite small.
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One unexpected characteristic of Figures 4-3c and d is the relatively constant final SOC level
produced by the thermostatic strategies. Since these strategies cycle the APU on and off at
regular intervals (relative to battery use), the APU charges at a constant rate, and the vehicle
travels at a constant speed, one would expect the final SOC to vary roughly the same way the
initial SOC does. However, this behavior is not confirmed by Figures 4-3c and d. This unusual
behavior was caused by the particular trajectory used for this set of experiments. The trajectory
for Set 1 (shown in Figure 4-1a) contained a relatively significant hill between the 150 and
175km points. Traversing this hill required a high level of continuous power output from the
vehicle’s electric system.3  This high power level drains even a full battery. The average electric
power produced by the APU barely matched the power required by the vehicle while climbing
this hill. Thus, the battery SOC quickly reached a minimum on this hill, but did not begin to
increase significantly until after the hill was cleared. In effect, this hill served to “equalize” the
different SOC-levels that the thermostatic strategies may have had prior to reaching the hill. Note
that the predictive strategies were able to predict the extreme energy requirements of the hill,
enabling them to precharge the battery by activating the APU well before reaching the same hill.
Close monitoring of individual simulations confirmed this behavior.

Figure 4-3e shows the equivalent fuel usage of all strategies in Set 1 to be virtually identical.
Thus, the overall energy efficiency was not affected appreciably by the different strategies. It
should be pointed out that the slightly lower equivalent fuel use of the first strategy for high
initial SOC corresponds with the simulations which failed to meet performance. This behavior
can be explained by considering that a failure to meet performance, by definition, is accompanied
by a loss of vehicle speed. Since aerodynamic drag forces vary with the square of velocity, even
a slight drop in velocity will lead to a significant drop in wind-resistance, which translates
directly into reduced fuel usage. However, since the primary goal of all energy management
strategies was to meet performance requirements, the slightly higher fuel efficiency of the first
strategy is not advantageous, since it came at the expense of performance.

The results of Set 1 show that the predictive energy manager can provide desired performance
even when the thermostatic strategy fails to do so. Meanwhile, the thermostatic strategy could
not guarantee performance in all cases. Furthermore, both thermostatic strategies displayed
consistently higher fuel usage than the predictive strategies.

Set 2 - 255km, varying initial SOC

The second set of experiments was identical to the first, except that the trajectory was shortened
to 255 km. The initial SOC was again varied from 0.2 to 1.0 over the space of nine experiments.
Set 2 was designed to confirm the behavior of all strategies seen in Set 1 over a trajectory of
different length. The results from this set of experiments are shown in Figures 4-4 a to c, using
initial SOC along the x-axis of each plot.

                                                
3 The extreme energy demand of this hill is also responsible for the loss of performance of the first strategy.
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Figure 4-4a. Total Time Required vs. Initial SOC
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Figure 4-4b. Final SOC vs. Initial SOC
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Figure 4-4c. Total Fuel Usage vs. Initial SOC
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The results of Set 2 are similar to those of Set 1. Figure 4-4a shows that once again, all
simulations achieve the same total time (10233 seconds, or 2.84 hours), except for the first
strategy, which exceeds this time because it fails to meet performance in those simulations with
initial SOC greater than 0.5.

Figures 4-4b and c show that the trends in final SOC and fuel usage are similar to those of Set 1.
Again, the levels for both thermostatic strategies seem to be invariant with respect to initial SOC,
which can be explained by the characteristics of the particular trajectory. The plot of equivalent
fuel use is omitted here, as it merely mirrors the results of Set 1, showing nearly identical
equivalent fuel use for all strategies.

One notable change from the results of Set 1 is the much larger difference between the final SOC
levels of the thermostatic and predictive strategies. The final SOC of the thermostatic strategy
varies widely with the length of the route traversed. Depending on where this cycling process is
interrupted (at the end of the trajectory), the final SOC may be near the maximum level (as in Set
2) or near the minimum level (as in Set 1).

The third set of experiments was designed to investigate this phenomenon further, exploring the
response of all strategies to varying lengths of trajectories.

Set 3 - Initial SOC = 0.5, varying total trip length

The third set of experiments consisted of 11 experiments, all of which used an initial SOC of 0.5.
The trajectory length was varied from one experiment to the next in 5 km increments from 255
km to 300 km. The trajectory itself was the same as that of Sets 1 and 2, truncated at the
appropriate length for each experiment. The results from this set of experiments are shown in
Figures 4-4 a and b. Unlike previous figures, the x-axis of these figures is the length of the



SCAQMD Contract 96023 Hydrogen-Powered Advanced Hybrid-Electric Vehicles

44

trajectory. Note that since the nominal vehicle velocity was constant, the x-axis could also be
interpreted as representing time.

Figure 4-5a shows the final SOC as a function of trajectory length, and Figure 4-5b shows the
total fuel use. From these figures, it is clear that the final state of charge of the thermostatic
energy management strategy on this trajectory was determined solely by the length of the route
traversed. Thus, one can expect the average final SOC using the thermostatic energy manager to
lie close to the mean of the strategy’s two parameters. If these parameters are set to 0.3 and 0.8
(or perhaps 0.2 and 0.9), a thermostatic strategy’s final SOC value would be near 0.55 on
average. In fact, the average final SOC produced by both thermostatic strategies in Sets 1, 2, and
3 was 0.564.

Meanwhile, the final SOC levels produced by the predictive energy manager are consistently
lower than this level. In the experiments of Sets 1 through 3, the maximum final SOC of either
predictive strategy was 0.443. The average final SOC of all 58 predictive energy-manager
simulations performed herein was calculated as 0.309. Since an excessively high final state of
charge translates directly into unnecessary fuel use in all trips of significant length, the predictive
energy manager has been shown to reduce overall fuel-use when compared with the thermostatic
energy management strategy.

Figure 4-5a. Final SOC vs. Initial SOC
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Figure 4-5b. Total Fuel Usage vs. Initial SOC
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One further metric for comparing the performance of the two types of strategies is the number of
times that the APU was cycled on and back off during each simulation. Since excess emissions
occur during an APU startup phase, the number of APU cycles should be minimized as much as
possible. Both strategies obey this guideline, with the thermostatic strategies averaging 2.45
on/off cycles per simulation over the first three sets of experiments. For comparison, the
predictive strategies averaged 3.40 APU cycles during the same experiments. Thus, excessive
APU cycling is avoided by both strategies, and the results indicate that the predictive strategy’s
cost function captures the preference for minimal APU cycling.

Set 4 - 500km, varying initial SOC

The fourth and final set of experiments was similar to Sets 1 and 2, except that a completely
different random trajectory of length 500 km was used. Set 4 was intended to confirm the
behavior observed in the first three sets on an independent trajectory. Once again, the initial SOC
was varied from 0.2 to 1.0 over the space of nine experiments. The results from this set of
experiments are shown in Figures 4-6 a to c, using initial SOC along the x-axis of each plot.
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Figure 4-6a. Final SOC vs. Initial SOC
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Figure 4-6b. Total Fuel Usage vs. Initial SOC
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Figure 4-6c. Equivalent Fuel Usage vs. Initial SOC
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The total time required to traverse the 500 km trajectory at 25 m/s was 20033 seconds (5.56
hours) in all simulations. Thus, all of the strategies met the required performance characteristics.

Figure 4-6a displays the final SOC level of each experiment, and Figure 4-6b shows the
corresponding fuel use. These figures confirm the results of the previous analysis, as once again
the predictive energy management strategies exhibited consistently lower final state-of-charge
levels, and consequently lower total fuel usage. Furthermore, Figure 4-6c shows that once again,
equivalent fuel usage, and therefore overall energy efficiency, is relatively unaffected by the
particular choice of strategy.
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5. HEV Emissions Impact Analysis

5.1 Task 3 Approach

Two different APU energy consumption and emission models were developed in this project.
These models were created for two separate ICEs, using two distinct modeling methodologies.
The first model was developed for the hydrogen ICE that was created as part of Task 1. This
hydrogen ICE model is based on a steady-state emissions-map approach. The second model was
developed for a gasoline-powered ICE, and was developed using a parameterized, physical
component approach. This modeling approach uses the same methodology that has been used in
developing CE-CERT’s comprehensive modal emission models for light duty vehicles,
sponsored by the Transportation Research Board’s National Cooperative Highway Research
Program (NCHRP) (see [Barth, 1996; An, 1997; Barth, 1997]). Both advantages and
disadvantages of these two approaches are discussed in [Barth, 1996]. In summary, the
parameterized component approach is more comprehensive, but requires a great deal more
detailed measurement data. The engine-mapping approach is more straightforward and simpler,
but less accurate. These models are described below.

Task 3.1.1 Develop Hydrogen Fueled APU Emissions Model

One of the simplest approaches to model an ICE’s energy consumption and emissions is based
on measuring fuel consumption and emissions at steady-state loads and engine speeds, and
creating what are called “engine maps”. These engine maps are essentially look-up tables with
fuel consumption and emissions indexed as a function of engine speed (RPM) and engine torque
demand.

When modeling a vehicle’s fuel consumption and emissions, it is necessary to first convert
second-by-second vehicle velocity (and acceleration) into power demand, which then must be
translated into second-by-second engine speed and torque demand. The engine maps can then be
applied, giving the energy consumption and emissions by interpolating over the maps. This
modeling methodology works well over slowly changing velocities, however it potentially can
miss transient emissions that may occur during transitions from different steady-state levels.

A brake specific fuel consumption (bsfc) engine map (Table 5-1a) and a NOx emission map
(Table 5-1b) were created for the hydrogen-fueled APU using CE-CERT’s engine dynamometer.
In the table, RPM is engine speed in revolution per minute, torque is in lb.-ft, and bsfc is in
LB/hp-hr. NOx is in grams/second.

The biggest advantage of the engine map approach is its simplicity. The major disadvantage is
that it is based on steady-state measurements, and thus may not accurately represent fuel
consumption and emissions associated with transient events. Fortunately for many HEV control
strategies where the APU is operated at a fixed torque-rpm point (e.g., a “thermostatic” control
strategy), transient emissions do not occur and are thus not a major concern.
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Table 5-1a. Hydrogen Engine Fuel Consumption Map (bsfc vs. RPM and Torque)

RPM\Torque 10 20 30 40 50 60

1000 0.2880 0.1730 0.1620 0.1600 0.1600 0.1600

1500 0.2880 0.1770 0.1590 0.1510 0.1590 0.1730

2000 0.2880 0.2140 0.2000 0.1877 0.1850 0.1990

2500 0.2880 0.2520 0.2180 0.2000 0.1987 0.2185

3000 0.2880 0.2675 0.2285 0.2090 0.2185 0.2800

3500 0.2880 0.2800 0.2600 0.2800 0.2800 0.2800

Table 5-1b. Hydrogen Engine NOx Emission Map
(NOx Grams/Second vs. RPM and Torque)

RPM\Torque 10 20 30 40 50 60

1000 0.0003 0.0003 0.0003 0.0004 0.0014 0.0068

1500 0.0003 0.0003 0.0003 0.0004 0.0014 0.0068

2000 0.0003 0.0003 0.0005 0.0009 0.0017 0.0061

2500 0.0005 0.0004 0.0006 0.0010 0.0037 0.0086

3000 0.0006 0.0007 0.0008 0.0018 0.0086 0.0130

3500 0.0007 0.0009 0.0015 0.0028 0.0130 0.0173

Based on Table 5-1, the operational point with the lowest bsfc value (0.151 lb./hp-hr) is at torque
40 LB-ft @ 1500 rpm. The corresponding NOx emission rate is 0.0004 g/s. This point is often
referred to as the “sweet spot.” It is important to note that this sweet spot doesn’t correspond to
the lowest emission rate, which is 0.0003 g/s based on Table 5-1b. Ideally, one would like to
operate the engine at its operational point which corresponds to both the lowest fuel consumption
value and emission rate. In this case, however, it would mean operating the engine at
40*1500/5252 = 11.4 hp, which is only about 1/3 of its rated power, which is unacceptable. In
terms of functionality, many control strategies want to operate near the designed maximum
power point. For CE-CERT’s hydrogen ICE, this corresponds to 50 lb-ft@3000 rpm, which is
equivalent to 50*3000/5252 = 28.6 hp. This point corresponds to a bsfc value of 0.2185 LB/hp-
hr, and a NOx emission rate of 0.0086 g/s. A more detailed discussion of the different control
strategies can be found in subsequent sections.

Task 3.1.2 Validate Hydrogen Fueled APU Emissions Model

The hydrogen-fueled APU emissions model developed in the previous task was based on
preliminary steady-state energy/emissions measurements of the developed ICE (see Task 1).
After the fuel-injection system was adjusted and programming refinements made to the engine
controls, energy and emission measurements were again made for a variety of operating
conditions. The APU emissions model (based on the preliminary data) was executed for the same
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set of operating conditions. Both the model output and the subsequent measurements were
compared as a validation procedure in the model development. The results were very similar.
The slight differences were used as a basis to refine the final hydrogen-fueled APU
energy/emission model.

Task 3.1.3 Develop Gasoline-Fueled APU Emissions Model

An alternative to the engine-map approach is developing a true “modal” emission model. A
modal emission model predicts emissions (and fuel consumption) based on vehicle operating
mode, e.g., idle, steady-state cruise, various levels of acceleration/deceleration, etc. In a related
project, CE-CERT has developed a comprehensive modal emission modeling suite for light duty
vehicles. This project is funded by the National Academy of Science and involves testing over
300 different types of vehicles, building extensive models for various vehicle/technology
categories, and validating the model with external data sets [Barth, 1996].

A major advantage of modal emissions modeling approach is that it handles transient events
more accurately. This can be important for some HEV configurations, such as a parallel-
configured HEV which allows its APU to be engaged in load-following driving, where transient
driving events have direct impact on APU operation.  The disadvantage of the modal emissions
model approach is that it requires much more detailed testing data.

In our modal emissions modeling approach, vehicle tailpipe emissions are modeled on a second-
by-second basis as the product of three components: fuel rate (FR), engine-out emission indices
(gemission/gfuel), and catalyst pass fraction (CPF) [Ross, 1995; An, 1996; An, 1997]:

tailpipe

emissions
= FR • (

gemission
gfuel

) • CPF (14)

Here FR is fuel use rate in grams/s, engine-out emission index is grams of engine-out emissions
per gram of fuel consumed, and CPF is the catalyst pass fraction, defined as the ratio of tailpipe
to engine-out emissions.

The general structure of the modal emissions model is composed of six modules, as illustrated by
the six rectangular boxes in Figure5-1: 1) engine power demand; 2) engine speed; 3) air/fuel
ratio; 4) fuel-rate; 5) engine-out emissions; and 6) catalyst pass fraction. The model as a whole
requires two groups of inputs (rounded boxes in Figure 5-1): A) input operating variables, such
as the second-by-second speed trace; and B) model parameters, such as vehicle mass and engine
size. The output of the model is tailpipe emissions and fuel consumption.

There are four operating conditions in the model (ovals in Figure 5-1): a) cold start; b)
stoichiometric; c) enrichment; and d) lean burn. Hot-stabilized vehicle operation encompasses
conditions b) through d); the model determines which condition the vehicle is operating at a
given moment by evaluating vehicle power demand. For example, when the vehicle power
demand exceeds a power enrichment threshold, the operating condition switches from
stoichiometric to enrichment conditions. The model does not inherently determine when a cold
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start occurs; rather, the user must specify any cold start conditions. The model does determine
when the operating condition switches from cold start to stoichiometric, however.

Figure 5-1. Modal Emissions Model Architecture
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The vehicle power demand (1) is determined based on operating variables (A) and specific
vehicle parameters (B). All other modules require the input of additional vehicle parameters
determined based on dynamometer measurements, as well as the engine power demand
calculated by the model.

The air/fuel equivalence ratio (which is the ratio of stoichiometric air/fuel ratio, roughly 14.6 for
gasoline, to the instantaneous air/fuel ratio), φ, is approximated only as a function of power, and
is modeled separately in each of the four operating conditions a) through d). The core of the
model is the fuel rate calculation (4). It is a function of power demand (1), engine speed (2), and
air/fuel ratio (3). Engine speed is determined based on vehicle velocity, gear shift schedule and
power demand.

A more detailed discussion on this modal emission modeling approach is given in [An, 1997].

In order to use this modal emissions modeling approach for evaluating HEV ICEs, we have
appropriately “downsized” established models that were developed from extensive testing from
the NCHRP program. Several parameters from the established models (such as engine
displacement, emission indices, etc.) were reduced to give fuel and emission responses typical of
a smaller sized engine that might be employed as an HEV’s APU. For many of the HEV
evaluations in the subsequent analysis, a downsized 1995 Honda Civic engine model was used to
represent the APU.
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Task 3.2.1 Develop Second-by-Second HEV Simulation Model

In order to evaluate the operation of an HEV along with its energy consumption and emissions,
an electric powertrain simulation model must be integrated with the ICE models described in the
previous section. A general electric powertrain model is first described, followed by two different
HEV configuration models.

Electric Powertrain Simulation Model

In order to estimate key characteristics of both EVs and HEVs, an electric powertrain simulation
model has been developed (after [Marr, 1995]). The approach used relies on a few simplified
analytic formulas and some key physical parameters. The flowchart of the electric powertrain is
illustrated in Figure 2-4. There are four key components in an electric powertrain:

1) A tractive power demand module which converts second-by-second vehicle velocity to power
demand required at the wheels (or tractive power Ptractive).

2) A drivetrain module which converts second-by-second tractive power Ptractive into second-by-
second required motor torque (Tormotor) and required motor speed (rpmmotor).

3) A motor/controller module which converts motor torque and speed into power required from
the battery terminal (Pbatt).

4) A battery simulation module which calculates second-by-second current, voltage, and battery
state-of-charge (SOC). Some of the key characteristics that are calculated include total energy
used per distance (i.e., kWh/mi), electric range of the vehicle given battery capacity,
equivalent fuel economy (which also factors in power plant efficiency) (i.e., MPGequiv), and
overall battery efficiency.

The input requirements for this simulation mode (shown as rounded boxes in Figure 5-2) are
categorized into four categories: 1) the second-by-second input operating variables (i.e., vehicle
velocity and grade profiles); 2) vehicle parameters such as vehicle weight, aerodynamic drag, tire
size, etc.; 3) a motor/controller loss map; and 4) battery parameters.

Figure 5-2. Electric Powertrain Simulation Model Flow Chart
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The tractive power demand calculation is identical to that for a regular ICE-powered vehicle,
using specific vehicle parameters such as mass, aerodynamic drag, and rolling resistance. The
drivetrain module is also very similar to that of an ICE-powered vehicle, calculating the power
required from the electric motor. The motor speed can be estimated from the vehicle velocity.
For an EV with one forward and one reverse gear, the motor speed can be determined by a final
drive ratio, which is the ratio between the wheel rotational speed (in revolutions per minute) and
motor rotational speed (in rpm). The wheel rpm speed (rpmwheel) can be estimated by equation
(15):

rpmwheel =
v(mph) × 0. 447

2π × radius(m)
× 60 (15)

where v is vehicle speed in mph, and radius is the effective rolling radius of vehicle tire in meter.
The motor speed rpmmotor can thus be determined by equation (16):

rpmmotor = Final_ drive × rpmwheel (16)

The motor torque Tormotor can be determined based on both motor power Pmotor and motor speed
rpmmotor based on equation (17):

Tormotor(N ⋅ M) =
Pmotor(kW) × 9550

rpmmotor
  (17)

where Pmotor = Pbrake/ηtr is the power of the electric motor in kW, Pbrake is the power at wheel brake,
and ηtr is the transmission efficiency. Tormotor is motor torque in Newton meters (Nm).

The power losses associated with the motor/controller system can be estimated based on a
combined motor/controller loss map, where power losses are given in the form of a two-
dimensional motor torque and motor speed matrix. The motor/controller loss map is determined
based on a priori measurements.

The motor/controller loss map can be represented as a matrix with Tormotor  as the X-vector and
rpmmotor as the Y-vector:

P loss(kW) = Matrix[Tormotor (N ⋅ M), rpmmotor ]        (18)

The key power demand required from the battery terminals is then determined based on equation
(19):

P batt =
P brake

ηtr
+ Pacc − Ploss (19)

where, Pacc is any accessory power requirement.

The electric powertrain simulation model also calculates battery charging due to regenerative
braking. It is necessary to calculate the regenerative power applied to the battery terminal Pregen,
which takes on a negative value. Pregen can be determined based on the following equation:
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P regen = Pbrake × ηtr × λregen + Pacc + Ploss     (20)

where, λregen represents the percentage of braking power absorbed by the vehicle’s drive axle
(usually the front wheel). Based on the Electric Vehicle Energy Consumption and Range Test
Procedure SAE J1634 document [SAE-J1634, 1995], λregen = 70% is used as a typical value.

In the battery module, one of the most important assumptions is that the voltage of a battery cell
under load can be represented, at any point in its discharge, by the simple electrical equation:

V = V0 − IR           (21)

where V is the voltage of a cell being discharged (V), V0 is the effective no-load voltage (V), I is
the discharge current (A), and R is the effective internal resistance of the cell (Ω). Equation (19)
can be translated into to a power requirement form:

RI2 − V0I + Pbatt = 0                (22)

where Pbatt is the power requirement at the battery terminals. In the model, empirical values of V0

and R are obtained from laboratory test data and are functions of the depth-of-discharge (DOD)
in the form of input look-up tables. The dependency of both V0 and R on DOD (given as V0 =
F1(DOD) and R = F2(DOD)) in the discharge case (i.e., delivering power) is different from that in
the battery charging case (e.g., regenerative braking).

DOD is calculated based on the following equation:

DOD =

Idt

0

T

∫
C3

   (23)

where C3 is the battery cell capacity corresponding to a three-hour rate.

After the battery power Pbatt is determined, the cell current I can be determined using equation
(22), with V0 and R based on the F1(DOD) and F2(DOD) relationships. The battery DOD level at
any moment is a cumulative value determined by equation (23). Thus equations (22) and (23)
represent an iterative process used to calculate second-by-second battery current, voltage, and
DOD values. Given a specific drive cycle, the simulation will stop when the cumulative DOD
level is larger than 100%, or the voltage requirement exceeds a given cut-off voltage value.

HEV Emission Simulation Models

The electric powertrain simulation model described above can be used for evaluating the
operation of a pure electric vehicle. However, in order to evaluate hybrid electric vehicles, it is
necessary to integrate the APU operation with associated fuel consumption and emissions.
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Two separate models were developed to simulate both the series HEV configuration and parallel
HEV configuration. The series HEV simulation model flow chart is shown in Figure 5-3. The
model is composed of the following modules:

1) A power demand module which calculates the engine power demand (Pdemand) (this module is
a combination of the first two modules of the electric powertrain model).

2) The motor/controller module which converts engine demand power into power required by
the battery/APU combination (Pbatt/APU), and also determines the amount of regenerative
braking power that can be supplied to the batteries (Pregen).

3) A control strategy module which allocates power resources between the APU and the
batteries.

4) A battery simulation module which calculates second-by-second current, voltage, and battery
SOC. Other summary variables include total energy used per distance (i.e., kWh/mi), and
electric range.

5) An APU modal emissions module which calculates the energy consumption and emissions of
the ICE engine (see previous section). Note that in the series configuration, power from the
APU can be used to directly recharge the batteries, indicated by Pcharge.

Similar to the electric powertrain simulation model, there are several input requirements, shown
as rounded boxes in Figure 5-3: 1) the second-by-second input operating variables (i.e., vehicle
velocity and grade profiles); 2) vehicle parameters such as vehicle weight, aerodynamic drag, tire
size, etc.; 3) a motor/controller loss map; and 4) battery parameters.

Figure 5-3. Series Configuration HEV Simulation Model Flow Chart
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The parallel HEV simulation model flow chart is shown in Figure 5-4. Similar to that above, the
model is composed of the following modules:

1) A power demand module which calculates the engine power demand (Pdemand).
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2) A control strategy module which allocates power resources between the electric
motor/controller & batteries, and the APU.

3) The motor/controller module which converts requested power from the control strategy into
power required by the battery (Pbatt), and also determines the amount of regenerative braking
power that can be supplied to the batteries (Pregen).

4) A battery simulation module which calculates second-by-second current, voltage, and battery
SOC. Other summary variables include total energy used per distance (i.e., kWh/mi), and
electric range.

5) An APU modal emissions module which calculates the energy consumption and emissions of
the ICE engine (see previous section).

These simulation models have been used to evaluate various HEV operation strategies and
specific driving cycles.

Figure 5-4. Parallel Configuration HEV Simulation Model Flow Chart
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Task 3.2.3 Evaluate Operational Strategies and HEV Configurations

In recent years many hybrid vehicles have been proposed, built and tested (see, e.g., [Quong,
1995; An, 1996; Burke, 1992; Burke, 1993]). As mentioned previously, large variations in
possible HEV designs exist, as well as how they are operated. For example, some HEVs can
operate most of the time like an electric vehicle and use the APU to remedy the range limitations
of the battery pack that is charged while the vehicle is in storage. On the other hand, some HEV
designs may never be plugged in; although they are refueled like a conventional ICE-vehicle,
they use an HEV drivetrain as a means to achieve new degrees of optimization for high-energy
efficiency and lower emissions.
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A detailed discussion of different HEV types and design categories is beyond the scope of this
report (see, e.g., [An, 1996], [Duoba, 1997]). However, we briefly outline the different categories
below. Three key issues guide our categorization (after [Duoba, 1997]):

• Charge-Sustaining vs. Charge-Depleting—it is important to determine whether the HEV
can operate at maximum motor power indefinitely without discharging the battery. If the
HEV can operate and keep its battery charge at a specified level, it is referred to as a “charge-
sustaining” HEV. If the charge cannot be maintained during operation, it is referred to as a
“charge-depleting” HEV. If an HEV is charge-depleting, then the fuel economy and
emissions cannot be determined based on fuel energy alone.

• Off-Board vs. On-Board Charging—off-board charging refers to the case where an HEV is
charged from the external power grid while the vehicle is storage; this is in contrast to HEVs
that derive their electrical energy solely from on-board charging via their APU.

• ZEV Operation Capability—if an HEV is capable of operating entirely in electric-mode only
(i.e., the APU is not used), then it is referred to as ZEV-operation-capable. On the other hand,
the electric motor may be sized too small for practical driving speeds to allow for ZEV
operation. In this case, the HEV is ZEV-operation-incapable.

With this terminology, we consider the following categorization:

Range-Extender HEVs

This type of HEV is typically designed as a pure EV (operating as much as possible on battery
power alone), to which an APU is added for greater driving range and/or additional power. The
fuel tank of the APU thus becomes an energy storage supplement to the battery pack. For the
case of the charge-sustaining HEV, the HEV typically operates as an EV until the SOC level falls
below a threshold, at which type the APU is used to provide motive power and/or recharge
energy. For the case of the charge-depleting HEV, the APU provides power to extend range, but
not enough power to for the vehicle to continue operating indefinitely. The APU in a charge-
sustaining HEV typically is sized larger than the APU in a charge-depleting HEV.

Examples of range-extender HEVs are the UC Davis Charge-Depletion HEV, AC Cocconi’s
hybrid Honda Civic and various CARB EZEVs (Equivalent Zero Emission Vehicles).

Power-Assist HEVs

This HEV type starts with a ICE-powered car, to which an auxiliary electric drivetrain and
storage system are added to provide the flexibility needed to optimize energy management, as
well as the means to recover braking energy. The power-assist HEV typically is not ZEV-
operation-capable since the electric motor is small. In most cases, the power-assist HEV is
charge-sustaining (i.e., it is never plugged into the power grid) and its primary energy source is
gasoline or some alternative fuel.

This type of vehicle appears to be the car manufacturers’ favorite HEV. Most of the PNGV
designs are of this type. To make the power-assist HEV effective, however, a sophisticated
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energy management strategy is required. Examples of this kind of vehicle include the flywheel
hybrids and some prototypes developed by Volvo and VW. Toyota’s Prius HEV is of this type.

Dual-Mode HEVs

This type of HEV has a fairly large ICE (or other fuel engine) and electrical energy storage large
enough to provide substantial pure electric range. It is capable of drawing energy from either fuel
or the power grid. Depending on the operational strategy, it can be either charge-sustaining or
charge-depleting. In its operating range, no particular configuration, series or parallel, seem to
have a clear advantage. Mitsubishi’s hybrid electric vehicle is one example.

In this analysis, two specific types of HEV open-loop operational strategies were considered and
implemented in the simulation:

• A charge-depletion range-extender parallel HEV using a control strategy proposed by UC
Davis [Frank, 1994; Frank, 1995].4 The main purpose of this analysis is to show the
variability of the energy and emission performance of this HEV under different driving
cycles.

• A charge-sustaining range-extender series HEV based on CE-CERT’s hydrogen-fueled
hybrid truck using a “thermostatic” control strategy.

UC-Davis Charge-Depletion HEV Control Strategy

This charge-depletion HEV design does not use fuel to recharge the batteries for normal driving
[Frank, 1994; Frank, 1995]. Further, the ICE operates on and off, not continuously. There is no
engine idling mode and the APU operation at wide-open-throttle (WOT) does not involve fuel
enrichment as does a conventional ICE. The small ICE (1.0 liter displacement) has a maximum
power of 50 hp. The electric motor is used in parallel with the mechanical drive to provide
acceleration.

The control strategy is illustrated in Figure 5-5.

As seen in this figure, the APU is commanded on as a function of vehicle speed and battery
depth of discharge (DOD). As long as the battery DOD is less than 50% and vehicle speed is less
than 60 mph, the HEV operates in ZEV mode. However, once the DOD exceeds 50%, the “APU
on” threshold speed decreases in order to increase overall range. This HEV strategy combines the
advantages of a ZEV in city driving conditions and extended range and high efficiencies from
APU engagement at freeway speeds.

Thermostatic Strategy

As described previously, a “thermostatic” control strategy is usually applied to a series HEV,
where the APU drives a generator, whose electrical output powers an electric motor driving the
wheels (and any accessories) when needed. The APU also charges the battery whenever the
                                                
4 Please note that we have analyzed a hypothetical HEV using the UC Davis control strategy. We are not trying to
simulate the actual UC Davis HEV itself.
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generator output exceeds the vehicle’s power requirements. The APU is usually a small engine
(for our analysis, a hydrogen-fueled engine) and operates at a constant power output at its
maximum efficiency design point. As discussed in a previous section (see Table 2-2), the optimal
point for CE-CERT’s hydrogen engine with the lowest bsfc value (0.151 lb./hp-hr) is at torque 40
lb.ft @ 1500 rpm. The corresponding NOx emission rate is 0.0004 g/s. Please note that this
operating point doesn’t corresponding to the lowest emission rate, which is 0.0003 g/s based on
Table 2-2. In this case, this would mean operating at 40*1500/5252 = 11.4 hp, which is only
about 1/3 of its rated power, and is thus unacceptable. Instead, CE-CERT’s hydrogen engine is
operated near its maximum power point, corresponding to  50 lb-ft@3000 rpm, which is
equivalent to 50*3000/5252 = 28.6 hp. This point corresponds to a bsfc value of 0.2185 lb./hp-hr
and a NOx emission rate of 0.0086 g/s.

Figure 5-5. UC Davis Charge-Depletion HEV Control Strategy
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At the beginning of a trip, the battery state of charge (SOC) is assumed to be 100%. The vehicle
is driven under all-electric mode, meaning all power is being delivered by the battery pack and
the APU is off. As the vehicle is driven, the battery SOC declines. As soon as the SOC falls
below a threshold (50% in the diagram below), the APU is turned on, operating at it maximum
power point. In this state, the APU delivers all of the required power, as well as being able to
charge the battery pack. Thus the batteries SOC rises. When the SOC reaches another threshold
(80% in the diagram below), the APU turns off, and the battery once again becomes the primary
power source. This process repeats itself and the SOC of battery fluctuates between the two
thresholds (50-80%). Figure 5-6 illustrates this typical thermostatic control strategy. As can be
seen, this is a charge-sustaining HEV strategy, since the battery’s SOC is maintained above a
certain level. The total driving range of this type of HEV depends primarily on the size of fuel
tank.

The two primary HEV strategies implemented in the simulation model were evaluated
extensively. Energy and emission comparisons were made between a modeled conventional-ICE-
vehicle, an EV, and the two HEV configurations with differing operational strategies. These
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configurations/strategies were simulated under five different driving cycles. These cycles are
summarized in Table 2-1 and are described below.

Figure 5-6. Thermostatic Control Strategy

SOC (%)

100

80

50

0
Time

run out
of gas

Energy/Emissions Comparison between Conventional ICE-Vehicle, EV, and HEVs

In this section, an energy and emissions comparison is made between ICE vehicles, EVs and
HEVs under diverse driving cycles. Four vehicles were simulated under five driving cycles, as
summarized in Table 5-2.

Table 5-2. Vehicle and Driving Cycle Simulations

Vehicle Types Driving Cycles
1992 Ford Taurus
1997 General Motors EV1

UC Davis range extender HEV
CE-CERT charge-sustaining hydrogen HEV

EPA Highway Cycle (HWY)
EPA City Cycle (LA4)
Unified LA 92 Cycle (LA92)
New York City Cycle (NYCC)
US06 Cycle

Five Diverse Driving Cycles

The characteristics of the five different driving cycles are summarized in Table 5-3. In this table,
the Time column represents the duration of the cycle in seconds,  D is the length of the cycle in
km (miles in parentheses), <v> is the average speed in km/hour (mph in parentheses), vmax is the
maximum speed in km/hour (mph in parentheses), amax is the maximum acceleration rate in m/s2

(mph/s in parentheses), and Kmax is the maximum specific energy K in m2/s3 (mph2/s in
parentheses). K is defined as 2*velocity* acceleration rate and is a measure of the change rate of
a vehicle kinetic energy.

The HWY cycle was established in the early 1970s to represent non-urban or “highway” driving.
The LA4 cycle, which is also referred to as the FTP cycle, EPA City Cycle, or the Federal Urban
Driving Schedule (FUDS), was also established in the early 1970s to represent urban driving.



SCAQMD Contract 96023 Hydrogen-Powered Advanced Hybrid-Electric Vehicles

61

The LA92 cycle is also called the Unified Cycle, developed by the California Air Resources
Board (CARB) in 1992 to represent more realistic “real-world” driving patterns [Gammariello,
1993; Austin, 1992]. The NYCC cycle was developed to represent driving patterns in New York
City, and the US06 cycle was recently developed by the USEPA to capture some high-power
driving episodes which are not included in the FTP cycle [German, 1992].

Table 5-3. Characteristics of Five Driving Cycles

Time
sec.

D
km
(mile)

<v>
km/h
(mph)

vmax

km/h
(mph)

amax

m/s2

(mph/s)

Kmax

m2/s3

(mph2/s)
HWY 765 16.5

(10.3)
77.6
(48.2)

96.4
(59.9)

1.5
(3.3)

31.4
(157.0)

LA4 1372 12.0
(7.5)

31,4
(19.5)

91.2
(56.7)

1.5
(3.3)

38.4
(192.0)

LA92 1435 15.8
(9.9)

39.7
(24.7)

109.4
(68.0)

4.0
(9.0)

74.3
(372.0)

NYCC 599 1.9
(1.2)

11.4
(7.1)

44.6
(27.7)

2.7
(6.0)

38.8
(194.0)

US06 600 12.9
(8.0)

77.2
(48.0)

129.2
(80.3)

3.8
(8.5)

97.3
(486.7)

Among these cycles, the HWY cycle is very close to freeway driving, with the lowest Kmax value
and highest average speed. The LA4 is the most moderate cycle with low <v>, amax, and Kmax

values. The LA92 cycle is a much more powerful cycle than the HWY and LA4 cycles, with
much higher values of amax and Kmax. The NYCC is the most representative of urban driving that
includes signals and congestion, with an average speed of only 11.4 km/h (7.1 mph). The US06
cycle is the most powerful cycle, with an average speed of 77.2 km/h (48 mph), a maximum
acceleration of 3.8 m/s2 (8.5 mph/s), and a maximum specific power of 97 m2/s3 (487 mph2/s),
which is about 2.5 times of the corresponding FTP value. Thus these five cycles represent a wide
variety of driving patterns and provide us with a good opportunity to understand how these
differences in driving characteristics influence a vehicles’ energy consumption and emissions.
Figure 5-7 plots the speed traces for the five driving cycles.

Task 3.3.1 Integrate HEV Operational/Emissions Model with ITEM

For the last several years, CE-CERT has been developing a new generation of modeling tools
that can accurately predict the energy and air quality impacts of transportation systems, operating
both at the micro- and macro-scale level-of-detail. Current computer models lack sufficient detail
required to properly predict an emissions inventory. Shortcomings of these models/data include
inaccurate characterization of actual driving behavior and a disregard of important vehicle
operating parameters that affect emissions. In order to better assess the complex relationship
between different traffic scenarios and emissions, CE-CERT has developed an Integrated
Transportation/Emissions Modeling (ITEM) framework that closely integrates both
transportation simulation models and advanced modal emissions models [Barth et al., 1995].
ITEM consists of a hybrid framework of macroscopic/microscopic transportation models that can
produce emission inventories for both small, detailed operations (e.g., intersections) as well as
large regional areas (e.g., Southern California's Inland Empire). ITEM has been implemented for
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a small portion of the Inland Empire and is currently being implemented for California’s South
Coast Air Basin (SCAB) which includes the greater Los Angeles region and outlying
communities. For estimating travel demand in this region, ITEM makes use of the South Coast
Association of Government’s (SCAG) latest CTP model [SCAG, 1998]. This CTP model is
updated frequently and its network and origin/destination (O/D) data are used as direct input to
ITEM.

The HEV operational/emissions model developed in this project has been integrated into CE-
CERT’s ITEM framework. The HEV model was added as another vehicle type to the freeway
and arterial microscopic simulation modules. As a result, it is possible to include HEVs into the
vehicle mix and simulate their operation and emissions in traffic. At the macroscopic level, HEV
characteristics were added to the vehicle mix tables. This allows the macroscopic wide-area
transportation simulation model to run and estimate the total emission inventory of a specific
region.

Task 3.3.2 Perform Preliminary Emissions Analysis

Using ITEM’s established microscopic transportation models for both freeways and arterials, the
HEV configurations were simulated under different traffic conditions. The energy and emission
results of these runs are shown as a function of speed, which can be related to different
congestion levels.

With the macroscopic vehicle mix tables modified for different levels of HEV penetration, the
total mobile source emission inventory was calculated for a small region. The results of this
analysis are given in a subsequent section.

5.2 Task 3 Discussion and Procedures

State of Charge (SOC) Algorithm

Overview

The APU of the HEV is regulated by a personal computer, which calculates an approximate state
of charge (SOC) of the vehicle’s main battery bus. This SOC is expressed as a percentage and
can be thought of in very practical terms as the “gas tank” meter of the HEV, quantitatively
showing the amount of power the vehicle has left. When this SOC drops below a certain level,
the computer activates the APU, thus providing additional power to the system, charging the
main battery bus as well as powering the HEV's electric motor. The APU remains on until the
SOC has increased to a point high enough that the computer turns off the APU. These stop-and-
start SOC levels can be set in the computer program to whatever values the user wants, typically
starting at 50% and stopping at 60% SOC.



SCAQMD Contract 96023 Hydrogen-Powered Advanced Hybrid-Electric Vehicles

63

Figure 5-7. Speed Traces of Five Driving Cycles
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Algorithm

The SOC program on the PC is simply a case level program consisting of seven cases. The
MATLAB version of this algorithm is included as follows:

curr = im - ig;
lastvolt = vb(1);
go = 1;
for i = 1:size(im)
   charge(i) = curr(i) * 0.1491221069; % amount of charge used for increment
   if (i > 16)&(im(i) < 1)&(ig(i) < 1)&(vb(i) < 330)&(abs(max(vb(i-15:i))-min(vb(i-15:i))) < 1)
%this checks for no-load conditions

if (go == 1) %this prevents program from recalculating SOC repeatedly
when in a constant no-load state

            holdvolt = vb(i);
            go = 0;
         end
         lastvolt = holdvolt;
         SOC(i) = 1.8182 * holdvolt - 500.006; %SOC is simply a function of the no-load voltage
here
   else
      estvolt(i) = lastvolt + charge(i) * -0.000767563162; %HEV is moving or being charged –

thus current is integrated
SOC(i) = 1.8182 * estvolt(i) - 500.006; %SOC is a function of the last no-load voltage,

 minus the integrated current since that time
      lastvolt = estvolt(i);
      go = 1;
   end
end

This was converted into case structure for the LabView program that controls the APU. This
algorithm was devised by careful dynamometer testing and measuring the amount of power
supplied by the main battery bus from a full charge to zero. (The main battery voltage, however,
never reaches zero.) The SOC program checks for no-load conditions on the main battery bus —
that is, a time when the vehicle is not moving, not charging the batteries, and in no way
presenting any unusual voltages that may give the batteries a different voltage than their steady-
state voltage. At this point the program uses an algorithm to estimate SOC from this no-load
voltage. The program then reverts to purely integrating the amount of charge passing into and out
of the main battery bus over time. It is necessary to update the SOC periodically from the no-load
voltage since any small errors in the integration process have a tendency to become magnified
over time. Thus the SOC is corrected at the no-load voltage times, and the integration provides a
fairly accurate means of keeping track of SOC while driving and charging the vehicle with the
APU.
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Experimental Procedure

Dynamometer Test

We began testing the algorithm with a simple dynamometer test. The program was set to turn on
the APU when the SOC dropped below 53% and shut off the APU when it reached 58%. The
vehicle was then run at random speeds ranging from 50 MPH to a complete stop. This was done
to present more realistic conditions for the APU, as the HEV engine itself would present a
different load on the running APU for different velocities.

In the following figures, it is important to note that the X-axis of these graphs is the number of
samples taken. Here 1000 samples is equal to about five minutes. The main battery bus of the
HEV at full charge is about 330 volts at rest. It is also important to note that lead-acid batteries,
such as the ones used for the main battery bus of the HEV, have a tendency to regenerate voltage
over time when at rest. This made it especially difficult to determine no-load conditions for
calculating SOC. As seen in Figure 5-8, the HEV starts off at a little better than full charge, at
about 334 volts, corresponding to about 108% SOC. The HEV at this point had just been
removed from the charger. This is apparent by the first drop in the SOC graph after the vehicle
has been run for a short time and the algorithm updates the SOC from a new steady-state
position.

Figure 5-9 shows that there are times when the battery current is negative (signifying current
flow into the batteries) even though the APU is not on. This is due to the regenerative braking of
the HEV. When no pressure is applied to the accelerator, the HEV begins converting momentum
back into power and charges the batteries somewhat. This posed more difficulties for our
algorithm as it made no-load conditions more difficult to achieve, but was adequately handled by
the SOC algorithm.
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Figure 5-8. Main Battery Bus Voltage, Volts vs. Samples. (1000 Samples = ~5 Minutes)
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Figure 5-9. Main Battery Bus Current, Amps vs. Samples. (1000 Samples = ~5 Minutes)
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At about 2600 (11 minutes) into the test the SOC of the vehicle drops below 53% (Figure 5-10),
and the computer tells the APU to turn on and generate electrical power (Figure 5-11). In this
test, the generator struggled a few times to turn on (see Figure 5-12 below). It slowly begins
charging the battery bus and provides most of the power for propulsion. At 58% SOC the APU
turns off. At this point the current is still being integrated. We did not immediately reach a no-
load state. A few minutes later we do, and that corresponds to the big  jump in SOC at the end of
the test.

Figure 5-10. SOC% vs. Samples. (1000 Samples = ~5 Minutes)
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Figure 5-11. Generator Current, Amps vs. Samples. (1000 Samples = ~5 Minutes)
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Figure 5-12. Generator RPM vs. Samples. (1000 Samples = ~5 Minutes)
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Road Test

The APU and the SOC algorithm performed well in the dynamometer test, so we moved on to
the road test. The HEV was driven around city streets in the Riverside area. We felt this would be
a better test than area highways because it would give us a better opportunity to view varying
load conditions on the APU and would better allow us to see the main battery bus being charged.
The HEV uses more power at freeway speeds than the APU could possible provide, so testing in
those conditions would not only prove long, but wouldn’t test the abilities of the computer and
SOC algorithm in both starting and stopping the APU (the HEV uses over 120 amps at 55 MPH;
the generator provides a maximum of 80 amps at 3000 RPM). This time the APU start and stop
levels were set to 80% and 93% SOC respectively. As seen in Figure 5-13, there is an unusual
voltage drop when we first start the test. A possible explanation is some jostling of the main
battery bus voltage sensor. The road test provided much messier results than the dynamometer
testing, as the bumps and jolts of everyday driving added an much greater element of noise than
was present in the dynamometer test. This is apparent by the many sharp pointlike spikes in the
RPM graph, Figure 5-14. The SOC graph (Figure 5-15) was relatively unaffected by these
spikes, due to the filtering nature of the algorithm.

Figure 5-13. Main Battery Bus Voltage, Volts vs. Samples, on Road.
(1000 Samples=~5 Minutes)
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Figure 5-14. Main Battery Bus Current, Amps vs. Samples, on Road.
(1000 Samples = ~5 Minutes)
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Figure 5-15. SOC% vs. Samples on Road. (1000 Samples = ~5 Minutes)
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Again the computer and APU appeared to work well. We started at a lower SOC than in the
dynamometer test: about 89%. The computer turned on the APU and turned it off at the desired
SOC values. The SOC graph looks very good with the exception of a few strange pits at the end
of the test.

SOC Problems and Improvements

SOC is a difficult thing to calculate. Because of the regenerative braking system, there were few
points at which the HEV is in a no-load state. The lead-acid batteries are also troublesome in this
same respect. They have a tendency to keep a “creep,” that is, slowly change (up or down) over
time, even at rest. When the APU is charging the main battery bus, the main battery voltage is
raised to over 350 volts at times. When the APU stops, the voltage remains at that high level and
slowly creeps back down. This can take several minutes. Conversely, if the voltage is dropped to
a low level, it has a tendency to slowly creep up to higher SOCs. The algorithm tries to filter
these effects out by looking at the voltage level over a period of 15 samples and examining the
minimum and maximum readings over that period. If the difference between these two minimum
and maximum values is too great, then the algorithm continues to integrate current, even if the
HEV is completely still. This overcame some, but not all, real-life situations that the algorithm
would encounter. It does, however, make it that much more difficult for no-load conditions to
exist for the algorithm and forces a greater reliance on simple current integration which becomes
more error prone the longer it is solely relied upon as an SOC indicator. This is also why we see
a big jump after the APU turned off in the dynamometer test. A no-load condition was found, but
the battery voltage was still so high that it may predict a higher SOC than is actually there.

A much better algorithm would be to constantly take current and voltage readings and evaluate
the two simultaneously to determine SOC. Lead-acid batteries are resistant to give up charge at
low SOC values and less resistant at high SOC values. They are also easier to charge at low
SOCs than at high SOCs. To accomplish this would take careful measurements of current and
voltage for the full range of the batteries. This is, perhaps, the next step in SOC determination.

5.3 Task 3 Results

Task 3: Modeling Results

Modeling Results for a 1992 Ford Taurus

As part of CE-CERT’s NCHRP project, more than 300 in-use vehicles have been recruited and
tested in our vehicle emissions testing facility. The test results are analyzed to assist in the
development of a comprehensive modal emissions model. Among the tested vehicles, a 1992
Ford Taurus was selected as a typical vehicle to serve as a comparison to EVs and HEVs. The
vehicle characteristics of the Taurus are listed in Table 5-4. A more detailed discussion on the
model input parameters can be found in [An, 1997].
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Table 5-4. Characteristics of a 1992 Ford Taurus

Traditional
units

Metric units

Load characteristics
weight (curb+300lbs.) 3500 lbs. 1.59 tonnes
drag coefficient 0.33 0.33
frontal area 22.9 ft2 2.12 m2

rolling resistance coeff. 0.09 0.09
Powertrain
displacement 182 cu. inch 3.0 liter
maximum power 140 hp

@4800rpm
104 kW

maximum torque 165 ft.lbs.
@3250rpm

224 Nm

Based on the developed modal emissions model, this vehicle’s fuel economy (in liters/100-km
and MPG), driving range per fuel tank (57 liters or 15 gallons), CO, HC and NOx emissions5 (in
grams/mile) under five driving cycles are calculated. These results are presented in Table 5-5.

Table 5-5 illustrates that the Taurus’s fuel economy, driving range, and emissions vary
significantly from cycle to cycle. The table and Figure 5-16 shows that the fuel economy of the
modeled Taurus ranges from about 24 L/100-km (10 MPG) for the NYCC cycle to about 8.5
L/100-km (27 MPG) for the Highway cycle. The driving range of the Taurus (with a 75 liter or
15 gallon gas tank) ranges from under 235 km (150 miles) for the NYCC to over 650 km (400
miles) for the Highway cycle (Figure 5-17).

Table 5-5. Ford Taurus Energy and Emission Performance
under Five Driving Cycles

Fuel
L/100 km

(MPG)

Range
km

(mile)

CO
g/mi

HC
g/mi

NOx
g/mi

HWY 8.5
(27.2)

656
(408)

1.99 0.04 0.28

LA4 11.6
(20.0)

483
(300)

1.87 0.05 0.25

LA92 11.1
(20.9)

505
(314)

4.53 0.07 0.39

NYCC 23.9
(9.7)

235
(146)

3.14 0.09 0.34

US06 10.7
(21.7)

525
(326)

10.56 0.14 0.59

                                                
5
 The modeled emissions are hot-stabilized running exhaust emissions only. The cold-start and evaporate emissions are not

modeled here.
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Figure 5-16. Fuel Economy (MPG) of the 1992 Taurus under Five Driving Cycles
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Even greater variation can be seen in the vehicle’s tailpipe emissions. Figure 5-18 shows that the
CO emissions vary from under 2.0 grams per mile for the HWY and LA4 cycles to near 11 g/mi
for the US06 cycle, nearly a fivefold increase. The major reason for this dramatic emissions
increase is that during some high power driving episodes in the US06 cycle, the Taurus is
operated under a wide-open-throttle enrichment condition, which contributes significantly to the
overall emissions [An, 1996]. These enrichment events also occur during the NYCC and LA92
cycles, although they are not as severe as those associated with the US06 cycle.

Figure 5-17. Driving Ranges (mi) per Fuel Tank for the 1992 Taurus
under Five Driving Cycles
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Figure 5-18. CO Emissions (g/mi) for the 1992 Taurus under Five Driving Cycles
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Modeling Results of the GM EV1

Based on the developed electric powertrain simulation model described in a previous section, we
are able to calculate the system efficiency of any EV given any driving cycle. As an example, we
have modeled the 1997 General Motors EV1 currently being sold in California and Arizona,
whose characteristics are given in Table 5-6. All of these parameters have been obtained from the
GM EV1 users manual.

Table 5-6. Characteristics of a 1997 GM EV1

Performance Characteristics
0 - 60 mph acceleration < 9 seconds
Electronically regulated top speed 129 km/h (80 mph)
Aerodynamic drag coefficient (Cd) 0.19
Estimated range combined EPA cycle 129 km (79 miles)
Energy consumption (city/hwy) 30 /25 kWh/100 mi
Vehicle Characteristics
Total weight 1348 kg (2969 lb.)
Battery type Lead Acid
Battery weight 533 kg (1175 lb. )
Battery pack storage capacity 16.3kWh/53A(312 V)
Motor power rating 6 102 kW (137 hp)

@ 7,000-13,000 rpm
Motor torque 150 NM@0-7000 rpm
Tire effective radius (m) 0.281
Tire drag coefficient (Cr) 0.01
Frontal area (m2) 2.26
Final drive 10.946:1

                                                
6  A 120 kW Unique Mobility AC Motor’s motor/controller power loss map is used for this analysis.
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From Table 5-6 we can see that the EV1’s aerodynamic drag coefficient is only 0.19, far less than
the value of 0.33 for the 92 Taurus. The estimated driving range over the combined EPA City (or
LA4) and Highway (or HWY) Cycles is 129 km (79 miles). The estimated energy consumption
is 30 kWh/100 miles7 under the City Cycle and 25 kWh/100 miles under the Highway Cycle. The
EV1 weighs about 1350 kg (3000 lb.), approximately 225 kg (500 lb.) less than the Taurus. It
uses 26 valve-regulated lead acid (VRLA) battery modules and one under-the-hood accessory
battery. The rated maximum battery pack storage capacity is 16.3 kW hours/53 Amp Hours (312-
volt). The battery pack weighs about 1175 lb., or 533 kg. The power rating for the electric motor
is 102 kW @ 7,000-13,000 rpm and maximum motor torque is 150 NM @ 0-7,000 rpm.

Based on these characteristics, we have modeled the EV1’s specific energy consumption (in
kWh/100 miles), its equivalent fuel economy (in L/100-km or MPG), the driving hours, driving
distance, EV system discharge and charge efficiency, and the mileage gains due to its
regenerative braking mechanism. For model verification purposes, Table 5-7 gives a comparison
between the numbers listed in the EV1 user’s manual and the corresponding modeled results. It
clearly shows that the modeled results match very well with the documented numbers.

Table 5-7. Comparison between EV1 Users Manual Numbers and Modeled Results

User’s
Manual

Modeled
Results

Top Speed km/h (mph) 129 (80) 122 (76)
Estimated Range km (miles) 127 (79) 121 (75)

Energy Use  - city (kWh/100 miles)3 30 28
Energy Use  - hwy (kWh/100 miles)3 25 27

Table 5-8 gives additional model results for the GM EV1 operating under five different driving
cycles. In the simulation model, we found that the EV1 is not powerful enough to completely
follow certain portion of the US06 cycle. For these sections, the EV1’s maximum motor power
and motor speed are used.

In Table 5-8, J1634 refers to a range test procedure in the SAE J1634 [SAE-J1634, 1995], which
is defined as two successive LA4 cycles, followed by two HWY cycles. The second column is
the specific EV energy consumption (εev) in kWh/100 miles. The equivalent MPG can be
determined by the following equation:

MPG equivalent =
ηpw × ηch arge × γ × 100

εev × η refinery
≈

1140

εev
        (24)

                                                
7  This efficiency estimate doesn’t include energy loss from the charger. The average charger efficiency is about 90%.
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Table 5-8. GM EV1 Performance under Five Driving Cycles.
Numbers in () are in Traditional Units

kWh
/100 mile8

Equi .
L/100-km
(MPG)

Hour Dis.
km

(mi)

System
eff

 (%)

System
regen. eff

(%)

Regen
km

miles9

HWY 26.9 5.5
(42.4)

1.5 116
(72)

71.9 49.0 2.7
(1.7)

LA4 27.9 5.7
(40.9)

3.9 126
(78)

64.7 46.9 17.1
(10.6)

J1634 27.4 5.6
(41.6)

2.5 121
(75)

68.7 47.4 8.5
(5.3)

LA92 36.9 7.5
(30.9)

2.5 98
(61)

66.8 49.2 17.9
(11.1)

NYCC 41.6 8.5
(27.4)

7.3 84
(52)

58.7 41.3 10.9
(6.8)

US06 45.9 9.4
(24.8)

0.9 72
(45)

65.5 54.2 5.6
(3.5)

where ηpw is the efficiency from the power-plant fuel to wall plug,  ηcharge is the efficiency from
wall plug to battery, or battery charger efficiency, γ represents electrical energy per gallon
gasoline, and ηrefinery is the petroleum refinery efficiency. Here we take γ = 35.2 kWh/gal based on
the lower-heating value of gasoline, and ηpw = 32.4% for the national average fossil fuel based
plant, ηcharge = 90% for the battery charger efficiency from the wall plug [Quong, 1995; Wang,
1992], and ηrefinery = 90% for the refinery efficiency [An, 1996; Wang, 1992].

The system eff of column 6 represents the EV system efficiency when batteries deliver power. It
includes the vehicle drive train efficiency, motor/controller efficiency, and battery discharging
efficiency. System regen. eff of column 7 includes the EV drivetrain efficiency, motor/controller
efficiency, and battery regenerative charging efficiency. Please keep in mind that both
efficiencies do not include charger efficiency from wall plug to battery, which is included in the
equivalent MPG calculation only.

Table 5-8 shows that the modeling results vary greatly among these cycles. The specific energy
consumption varies from as low as 27 kWh/100-miles in the HWY cycle to as high as 46
kWh/100-miles in the US06 cycle, approximately a 70% increase (see Figure 5-19).

                                                
8 To be consistent, the specific energy calculation doesn’t include energy loss from battery charger. The account of charger loss
will be included in the equivalent MPG calculation.
9 Regen miles represent the mileage gains due to the EV’s regenerative braking. Regen miles are included in the total driving
distance.
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Figure 5-19. Specific Energy Consumption (kWh/100 mi)
for the EV1 for Six Driving Cycles
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The equivalent fuel economy also varies greatly, from under 5.5 L/100-km (over 42 MPG) in the
HWY cycle to over 9.0 L/100-km (under 25 MPG) in the US06 cycle (see Figure 5-20),
corresponding to a 64% increase (68% decrease).

Figure 5-20. Equivalent Fuel Economy (MPG) of the EV1 under Six Driving Cycles.
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The driving range also varies greatly, from as high as about 126 km (78 miles) in the LA4 cycle
to only about 72 km (45 miles) for the US06 cycle (see Figure 5-21), corresponding to a 75%
decrease. If we take the LA92 cycle as a more realistic “real-world” driving cycle than the LA4
cycle, then the EV1’s driving range would most likely be close to 98 km (61 miles),
approximately 30 km below the EV1’s advertised mileage. If the EV1 is driven under the New
York City Cycle, it can only go about 80 km (50 miles) on one charge, about 50 km less than the
projected mileage.
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Figure 5-21. Range of the EV1 under Six Driving Cycles.
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Other modeling results also vary greatly, such as the driving hours, varying from over 7 hours
during the NYCC cycle to less than 1 hour in the US06 cycle. While the highest EV system
efficiency is about 72% for the HWY cycle, the lowest EV system efficiency is only about 59%
for the NYCC driving. These efficiency numbers are much higher than that of conventional
vehicles, especially in the urban cycles where the mechanical efficiency for ICE vehicles can be
as low as 15% [An, 1993]. Generally speaking, the system regenerative efficiencies are relatively
low, below 50% for all cycles except the US06 cycle. The regenerative mileage varies as well,
from about 3 km (2 miles) in the HWY cycle to approximately 18 km (11 miles) in the LA92
cycle, which is equivalent to nearly 17% of the total driving mileage.

Modeling Results of the UC-Davis Range-Extender Type HEV

Table5-9 lists the key characteristics of a modeled range-extender hybrid electric vehicle. These
numbers are based on typical HEV characteristics specified in references [Frank 1994; Frank
1995].

Table 5-9. Design Characteristics of the Modeled HEV.

Range-extender HEV
Weight 1240 kg (2730 lbs.)
Air drag coefficient 0.25
Frontal Area 2.30
Rolling resistance coefficient 0.006
Gas tank 5 gallon
APU Unit
APU engine 660 cc
Maximum power 30 kW
Maximum torque 40 ft-lb.
Engine friction factor K0  0.17 kJ/(rev*rpm)
Battery/Motor Unit
Battery type Nickel/Metal-Hydride (NiMh)
Battery weight 300 kg (660 lbs.)
Battery capacity 15 kWh with 75 kW @ 90% DOD
Motor maximum power 60 kW
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Based on the developed HEV simulation model and the HEV design characteristics given by
Table 5-9, we simulate this HEV under the same five diverse driving cycles. The simulation
results are listed in Tables 5-10a and 5-10b.

Table 5-10a. Driving Range of the Range-Extender HEV under Five Driving Cycles

Pure electric
km

( miles)

HEV
km

(mi)

Pure gas
km

 (mile)
Regen km

(miles)

Total
km

(miles)
Hours

HWY 69
(43)

0.3
(0.2)

309
(192)

3.0
(2.0)

378
(235)

5.0

LA4 90
(56)

0.2
(0.1)

161
(100)

13.0
(8.0)

257
(159)

8.0

LA92 111
(69)

1.0
(0.6)

309
(192)

35.0
(22.0)

420
(261)

10.6

NYCC 60
(37)

0.0
(0.0)

27
(17)

8.0
(5.0)

88
(55)

7.7

US06 58
(36)

2.1
(1.3)

307
(191)

18.0
(11.0)

367
(228)

4.8

In Table 5-10a, the pure electric miles represent the cumulative mileage gained during the period
of time when the APU is completely turned off. Pure gas miles represent the mileage gained
when the electric motor is completely shut down. The HEV miles are mileage gained when the
APU alone is not powerful enough to run the hybrid vehicle, thus both APU and electric motor
must be turned on. Thus zero HEV mileage simply means that the APU itself is powerful enough
to run the hybrid vehicle over the selected driving cycle. The regen miles are mileage gained due
to regenerative braking (please keep in mind that the regen miles are included in the pure electric
miles). Thus the total miles achieved are equal to the summation of the pure electric miles, the
HEV miles, and the pure gas miles.

Table 5-10b. Energy Consumption and Emissions for the Range-Extender HEV
under Five Driving Cycles

Equi.
L/100-km
(MPG)

kWh /100
miles

Gas
L/100-km
(MPG)

CO
g/m

HC
g/m

NOx

g/m

HWY 6.3
(37.1)

6.5 4.9
(47.0)

0.39 0.015 0.052

LA4 6.4
(36.3)

13.2 3.7
(62.8)

0.23 0.010 0.033

LA92 5.8
(39.7)

9.1 4.0
(58.1)

0.32 0.012 0.067

NYCC 10.4
(22.4)

37.0 2.8
(82.5)

0.19 0.008 0.025

US06 6.9
(33.5)

9.0 5.1
(45.6)

0.56 0.020 0.096
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During the simulation runs, the model automatically stops under two conditions, whichever
happens first: 1) the battery is totally depleted, and 2) the vehicle runs out of gas. Thus the
distance presented in Table 5-10a represents the distance under one charge of battery and gas
tank. The most meaningful number is the pure electric range, which is shown in Figure 5-22.
Figure 5-22 shows that the pure electric range for the modeled HEV ranges from as low as only
58 km (36 miles) in the US06 cycle to about 111 km (69 miles) in the LA92 cycle.

Figure 5-22. Pure Electric Drive Range of the Modeled HEV under Five Driving Cycles
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One of the reasons for the high electric range achieved for the LA92 cycle is that it has a very
high regenerative range of 35 km (22 miles) out of 111 km (69 miles). This cycle also has the
highest total driving distance of 420 km (261 miles), since both battery pack and gas tank are
depleted at about the same time. This is apparently not the case for other cycles. For example,
both the HWY and US06 cycles have a very high gas range around 300 km (200 miles), but only
a moderate pure EV range around 60 km (40 miles). Both cycles deplete the gas tank first. For
the LA4 and NYCC cycles, the situation is opposite: both cycles deplete the battery pack first,
resulting in low gas mileage. This is especially true for the NYCC cycle, where only 27 gas km
(17 gas miles) are achieved, resulting in low overall distance at only about 88 km (55 miles).
This exercise clearly demonstrates the impacts of different driving cycles on an HEV’s driving
range. Figure 5-23 shows the total mileage of the modeled HEV under the five diverse driving
cycles. As mentioned previously, the modeled total driving distance ranges from as low as only
88 km (55 miles) in the NYCC cycle to about 420 km (260 miles) in the LA92 cycle.

In Table 5-10b, the equivalent fuel economy L/100-km or MPG, and CO, HC, and NOx

emissions are presented, as well as the specific electric energy consumption in kWh/100-miles
and gas fuel economy L/100-km or MPG. The equivalent fuel economy is a combined result of
the electrical energy and gasoline consumption and it ranges from about 10 L/100-km (22 MPG)
in the NYCC cycle to about 5.8 L/100-km (40 MPG) in the LA92 cycle (see Figure 5-24). The
pure gasoline fuel economy, which disregards the electricity consumption, is much less efficient
and ranges from approximately 5 L/100-km (46 MPG) in the US06 cycle to about 3 L/100-km
(83 MPG) in the NYCC cycle.
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Figure 5-23. Total Drive Distance of the Modeled HEV under Five Driving Cycles
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Figure 5-24. Equivalent Fuel Economy (MPG) of the Modeled HEV
under Five Driving Cycles
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As expected, the emission numbers vary greatly from cycle to cycle. Please keep in mind that the
emissions presented here are from a downsized Honda engine model only, and do not include
indirect power plant emissions. Generally speaking, the emission levels are very low, all below
the ULEV standards. This is primarily due to the elimination of cold-start and enrichment
operations of the APU. Most of these emission levels are only about 2-3 times of the EZEV
standard. Figure 5-25 shows the CO emissions under these five cycles.

Tables 5-11a and b and Figures 5-26a and b illustrate a more detailed analysis for the range-
extender type HEV. For this analysis, the simulation model runs were made where each selected
driving cycle was repeated many times, until either the gas tank of the simulated HEV runs out of
gas (5 gallon of gasoline fuel is assumed). Tables 5-11a and b give the detailed simulation results
under the LA4 and LA92 cycle respectively. In the tables, the first columns represent the number
of LA4 or LA92 cycles being repeated. The second column corresponds to battery depth of
discharge (DOD) at the beginning of each repeat cycle. The third column represents the total
APU on/off switch times during each repeat cycle. The fourth column represents the total driving
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distance by the end of each repeat cycle. The fifth columns represent the cumulative pure EV
distance by the end of each repeat cycle. Finally, the sixth to eighth columns give the cumulative
CO, HC, and NOx emission factor in grams per mile by the end of each repeat cycle.

Figure 5-25. CO Emissions (g/mi) of the Modeled HEV under Five Driving Cycles
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Table 5-11a. Range-Extender HEV Simulation Results, UC Davis Strategy, LA4 Cycle

# of LA4
Cycles

Initial
DOD (%)

# of APU
On/Off

Total  Dis.
(miles)

EV Distance
(miles)

CO
(g/m)

HC
(g/m)

NOx
(g/m)

1 0 0 7.45 7.45 0 0 0
5 28.8 0 37.3 37.3 0 0 0
10 65.0 1 67.1 71.4 0.009 0.0004 0.0007
15 86.3 21 111.8 85.4 0.042 0.0022 0.0028
20 92.9 18 149.0 87.7 0.072 0.0048 0.0048
25 96.4 19 186.3 88.9 0.093 0.0052 0.0052
30 98.5 18 223.5 89.4 0.107 0.0060 0.0070

35 (Final) 99.9 7 257.4 89.6 0.118 0.0066 0.0077

Table 5-11b. Range-Extender HEV Simulation Results, UC Davis Strategy, LA92 Cycle

# of LA92
Cycles

Initial
DOD (%)

# of APU
On/Off

Total  Dis.
(miles)

EV Distance
(miles)

CO
(g/m)

HC
(g/m)

NOx
(g/m)

1 0 3 9.85 7.99 0.085 0.005 0.007
5 42.3 3 49.3 39.9 0.085 0.005 0.007
10 82.3 21 98.5 59.0 0.17 0.009 0.015
15 96.9 20 147.8 61.2 0.25 0.013 0.021

16 (Final) 98.9 12 153.3 61.3 0.25 0.013 0.021

Figures 5-26a and b also present simulation results for this HEV under these two cycles. The first
plots of these two figures represent repeated driving traces as a function of mileage. The second
plot gives the battery state of charge (SOC, fine line) and the percentage gas consumption (heavy
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line) as a function of miles. The third plot gives the total distance (fine line) and pure EV
distance (heavy line). Finally, the fourth to sixth plot are cumulative CO, HC, and NOx emission
factors as a function of testing distance.

Table 5-11a and Figure 5-26a show that the total driving range of the HEV under the LA4 cycle
is approximately 250 miles, which is equivalent of nearly 35 repetitions of the LA4 cycle. The
first 10 repeat cycles correspond to pure electric range, about 60 miles. During this period of
time, gasoline is not consumed and there are no emissions. The APU starts to turn on and
becomes the primary energy source after the first 100 miles. The cumulative CO, HC, and NOx
emission factors continue to increase with the driving distance.

Based on Table 5-13b and Figure 5-26b, under the LA92 cycle, the total driving distance is about
150 miles, corresponding to 16 repetitions of the LA92 cycle. The APU gets involved in driving
the HEV at a very early stage, even when the battery SOC is very high. The pure electric mode
contributes the most to the first 80 miles of driving. After the first 80 miles, the APU becomes
the primary energy source. Generally speaking, the cumulative CO, HC, and NOx emission
factors continue to increase with the driving distance.
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Figure 5-26a. Range-Extender HEV Simulation Results, UC Davis Strategy, LA4 Cycle
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Figure 5-26b. Range-Extender HEV Simulation Results, UC Davis Strategy, LA92 Cycle
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Modeling Results of CE-CERT’s Hydrogen HEV Truck

In this section, CE-CERT’s hydrogen-powered hybrid electric truck is modeled and analyzed.
This HEV is series-configured, and for this analysis we consider a thermostatic control strategy.
(A detailed description of the series-configured HEV model and thermostatic control strategy
have been described in previous sections.) Based on this configuration and strategy, the energy
and emission performance of the truck is simulated, with the applied LA4 and LA92 cycles.
Table 5-12 lists the key characteristics of the hybrid-electric truck.

Table 5-12. Design Characteristics of the Modeled Hydrogen Hybrid Truck

Hydrogen hybrid truck
Weight 1819 kg (4000 lbs.)
Air drag coefficient 0.34
Frontal Area 2.20 m2

Rolling resistance coefficient 0.015
Tire radius 0.334 m (P215/70R15)
Gas tank 2.5  equivalent gasoline gallon
APU Unit
APU engine 2234 cc
Maximum power@rpm 34 kW@4000 rpm
Maximum torque@rpm 60 ft-lb@2600 rpm
Battery/Motor Unit
Battery type Tubular Lead/Acid 3ET205 Batteries
Battery weight 444 kg (978 lb.)
Battery capacity 15 kWh with 75 kW @ 90% DOD
Motor maximum power 60 kW

During the entire simulated cycle, the hydrogen-powered ICE is operated near its maximum
power: 50 lb.-ft@ 3,000 rpm, which is close to 30 hp. The corresponding bsfc value is 0.2185
lb./hp-hr. The corresponding NOx emission rate is 0.0086 g/s. Using the thermostatic strategy,
the APU is turned on when the battery SOC falls below 50%, and it is turned off when the
battery SOC rises above 80%. Thus the battery SOC is maintained between 50% to 80% during
the entire trip. The APU charges the battery when its delivered power is larger than the actual
vehicle power demand. When the delivered power is smaller than the demand power, the battery
power is engaged to supplement the extra power requirement. The regenerative braking is also
engaged during negative power deceleration events.

During the simulation, each selected driving cycle is repeated many times, until the fuel tank of
the simulated HEV runs out of gas (a 2.5 gasoline equivalent gallon hydrogen fuel is assumed).
Tables 5-13a and b give the detailed simulation results for the applied LA4 and LA92 cycles
respectively. In these tables, the first column represents the number of LA4 or LA92 cycles that
are repeated. The second column represents battery depth of discharge (DOD) at the beginning of
each repeat cycle. The third column represents the total gasoline-equivalent (gallons) fuel
consumption by the end of each repeat cycle. The fourth column represents cumulative
equivalent gasoline fuel economy, the fifth column gives the cumulative NOx emissions (grams
per mile), and the last column represents the total distance traveled by the end of each repeat
cycle.
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Table 5-13a. Hydrogen HEV Truck Simulation Results, Thermostatic Strategy, LA4 Cycle.

# of LA4
Cycles

Initial
DOD (%)

Total  Gas
(gallon)

Cumulative
MPG

NOx
(g/m)

Distance
(miles)

1 0 0.00 0.00 0.000 7.45
2 18 0.00 0.00 0.000 14.90
3 37 0.58 4.59 0.009 22.35
4 24 0.69 14.66 0.006 29.80
5 37 1.30 13.56 0.011 37.25
6 23 1.38 18.13 0.009 44.70
7 37 2.03 16.03 0.012 52.15
8 22 2.07 19.32 0.010 59.60

Final 38 2.50 18.55 0.012 66.06

Table 5-13b. Hydrogen HEV Truck Simulation Results, Thermostatic Strategy,
LA92 Cycle.

# of LA92
Cycles

Initial
DOD (%)

Total  Gas
(gallon)

Cumulative
MPG

NOx
(g/m)

Distance
(miles)

1 0 0.00 0.00 0.000 9.85
2 35 0.84 6.91 0.012 19.70
3 21 1.17 13.37 0.015 29.55
4 38 1.72 14.86 0.013 39.41
5 41 2.50 13.51 0.015 47.65

Figures 5-27a and b also present simulation results for this HEV under these two cycles. For each
figure, the first plot represents the repeated driving traces as a function of mileage. The second
plot represents the battery state of charge (SOC) as a function of distance. The third plot
represents the percentage of gas being consumed by distance. The fourth plot is the cumulative
gasoline equivalent miles per gallon (MPG) as function of driving distance. The final plot
represents the cumulative NOx emissions by testing distance.

Table 5-13a and Figure 5-27a show that the total driving range of the HEV truck under the LA4
cycle is approximately 66 miles, which is equivalent to slightly more than 8 repeat cycles of the
LA4. The first two and a half repeat cycles are on pure electric range, which is approximately 20
miles. During this period of time, no hydrogen is consumed and there are no NOx emissions.
Around the 20th mile, the battery SOC approaches 50%, and the APU is turned on to power the
vehicle and charge the battery. After this, the battery SOC fluctuates between 50% and 80%, and
the APU turns on and off repeatedly until it runs out of fuel. During the APU charging period,
the percentage of hydrogen consumption and NOx emissions rise rapidly, and the equivalent fuel
economy drops significantly. Thus it is apparent that both equivalent fuel economy and NOx
emissions are functions of test range, as well as the battery state of charge. For example, after the
first 30 miles of driving, when the engine operation is well into the “hybrid mode,” the
equivalent fuel economy fluctuates between approximately 13 MPG to over 20 MPG. Further,
the NOx emissions fluctuate between approximately 0.006 g/mi to about 0.012 g/mi, depending
on the final test driving range.
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Figure 5-27a. Hydrogen HEV Truck Simulation Results, Thermostatic Strategy,
FTP Cycle.
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Table 5-27b. Hydrogen HEV Truck Simulation Results, Thermostatic Strategy,
LA92 Cycle.
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Based on Table 5-13b and Figure 5-27b (representing the LA92 cycle), the total driving distance
is approximately 47 miles, equivalent to approximately five repeat cycles of the LA92. The all-
electric range is about 14 miles. After the first 20 miles, the equivalent fuel economy fluctuates
between 10 to 15 MPG, and the NOx emissions fluctuate between 0.010 g/m to 0.015 g/m,
depending on the final test driving range.

Modeling Results of the ITEM Analysis

As described earlier, the models for the different HEV configurations were integrated into the
ITEM framework. Specifically, the HEV models were added as additional vehicle types to the
freeway and arterial microscopic simulation modules. The operation of the HEV was modeled at
different congestion levels in the simulations. As an example, the energy and emission results of
these simulation runs are shown in Figures 5-28 a, b, c, and d, plotted as a function of average
vehicle speed. Note that both the arterial and freeway levels have been combined and are shown
together as a single graph.

Figure 5-28a. Simulated HEV Equivalent MPG Fuel Economy as a Function of Speed for
Different Levels of Traffic Congestion.
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Figure 5-28b. Simulated HEV Carbon Monoxide Emissions as a Function of Speed for
Different Levels of Traffic Congestion.

5 10 15 20 25 30 35 40 45 50 55
0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

velocity (mph)

C
O

 (
g/

m
)

Figure 5-28c. Simulated HEV Hydrocarbon Emissions as a Function of Speed for Different
Levels of Traffic Congestion.
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Figure 5-28d. Simulated HEV Oxides of Nitrogen Emissions as a Function of Speed
for Different Levels of Traffic Congestion.
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The fuel economy plot takes on a parabolic shape, similar to that of a typical ICE vehicle. The
fuel economy is poor at low speeds due to stop-and-start driving and periods of idling. The fuel
economy is best at mid-range speeds. The fuel economy then gets worse at higher speeds due to
the non-linear increase in power requirements as a function of velocity, due primarily to wind
drag.

However, it is interesting to note that CO, HC, and NOx emissions do not take on the typical
parabola shape. This is because at the lower speeds corresponding to higher congestion, the HEV
can operate in pure-electric mode, eliminating idle and near-idle emissions. This is a key
characteristic of HEVs: they have much greater emissions benefit when they are operated at low
speeds, in congestion.

In addition, different levels of HEV penetration were put into the vehicle mix tables of the
macroscopic model of ITEM. The energy and emissions benefits of the HEVs depend highly on
the types of vehicles displaced. For example, if the HEVs are to displace late model year Tier 1
vehicles, their impact will be not as significant as they would be if replacing older Tier 0
vehicles. The displacement ratios were calculated across all vehicle/technology groupings. In
general, the overall emissions inventory does not change significantly when the percent
displacement is below 10%. Since the HEV configurations modeled here are likely to qualify for
the SULEV standard, our results are very similar to the South Coast Air Quality Management
District’s Air Quality Management Plan for future projection years in the South Coast Air Basin.
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6. Benefits

6.1 Emissions Benefits

The emissions benefits from this project pertain to improvements in modeling emissions from
hybrid-electric vehicles and the demonstration of hybrid technologies that can produce extremely
low emissions. This project supported advances in hydrogen-fueled internal-combustion engines
with advanced fuel injection, battery balance and control, and energy management and control
systems.

These results are being published and disseminated (see Section 6). Most of the world’s major
automakers now have hybrid-electric vehicle programs under way, and at least two are known to
be investigating hydrogen as a fuel for internal-combustion engines. The knowledge and
expertise developed in the course of this project will support those commercialization efforts,
which are expected to result in significant mobile-source emissions benefits in the years ahead.

Additionally, the versatility of the hybrid testbed vehicle will enable CE-CERT, the District, the
California Air Resources Board, and other interested organizations to simulate HEVs under a
variety of conditions. This will enable the implementation of better hybrid-electric control
strategies, the promulgation of effective regulations, and the development of accurate emissions
inventories.

6.2 Job Impacts

As indicated in Section 4.1, hybrid-electric vehicles are prominent in automakers’ plans around
the world. This project has helped to establish specific products applicable to HEVs and, more
important, methods for developing and testing them.

CE-CERT takes great pride in the active involvement of Engineering students in its research
projects. In the narrowest of terms, this project will lead to further work on development of
control strategies and measurement of HEV emissions at CE-CERT. In a much broader sense, it
will position the University of California to meet the need for environmental, mechanical, and
electrical engineers who will produce cleaner and more energy-efficient vehicles in the future.
This is an important benefit, although it is difficult to quantify.
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9. Glossary

AF Air-to-fuel ratio.

APU Auxiliary power unit, an engine or other powerplant that consumes fuel to
produce on-board power for a hybrid-electric vehicle, enabling travel beyond
the range of a single battery charge.

BSFC Brake specific fuel consumption

CE-CERT College of Engineering-Center for Environmental Research and Technology at
the University of California, Riverside.

CO Carbon monoxide, a toxic substance.

CO2 Carbon dioxide, a compound that contributes to global climate change.

CR Compression ratio.

ECM Engine control module.

ER Equivalence Ratio or phi or Φ

EV Electric vehicle.

EZEV A proposed State of California Standard for equivalent to a zero-emission
vehicle.

HEV Hybrid-electric vehicle, in this case referring to a series hybrid in which the
wheels are driven by electric power and an auxiliary power unit (APU) burns
fuel to turn a generator, which replenishes the batteries.

ICE Internal combustion engine.

MAF Mass air flow.

MAP Manifold air pressure.

MSRC Mobile Source Reduction Review Committee of the South Coast Air Quality
Management District (SCAQMD).

NCHRP National Cooperative Highway Research Program

NMOC Non-methane organic compounds, an ozone precursor.

NOx Oxides of nitrogen, an ozone precursor.
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PC Personal computer.

RPM Revolutions per minute (of the engine or generator)

SCAQMD South Coast Air Quality Management District.

SOC Battery state of charge.

TAO Technology Advancement Office of the SCAQMD.

TPI Throttle position indicator.

ZEV Zero-emission vehicle.
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