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, ABSTRACT 

This paper describes a hybrid vehicle simulation model which can be applied to many of the 
vehicles currently being considered for low pollution and high fuel economy. The code 
operates in batch mode with all the vehicle information stored in data files. The code 
calculates fuel economy for three driving schedules, time for 0 - 96 km/h at maximum 
acceleration, hill climbing performance, power train dimensions, and pollution generation 

. rates. 
* 

This paper also documents the application of the code to a hybrid vehicle that utilizes a 
hydrogen internal combustion engine. The simulation model is used for parametric studies 
of the vehicle. The results show the fuel economy of the vehicle as a function of vehicle 
mass, aerodynamic drag, engine efficiency, accessory load, and flywheel efficiency. The 
code also calculates the minimum flywheel energy and power to obtain a desired 
performance. The hydrogen hybrid vehicle analyzed in the paper has a predicted range of 
480 km (300 miles), with a gasoline equivalent fuel efficiency of 34.2 Wte . r  (80.9 mpg). 

DlSTRlBUTlON OF THIS DOCUMEkT IS UNLIMITED 



INTRODUCTION 

Modeling is an important tool in the design and evaluation of vehicles. Direct testing of 
vehicles is expensive, time consuming and difficult. While it is recognized that vehicle 
testing is always necessary, models can provide accurate estimates of vehicle performance 
at a reduced cost and effort. Modeling also provides a method for testing new concepts and 
ideas at early stages in the vehicle development process. 

This report describes a vehicle evaluation code. This code has been developed to analyze 
electric and hybrid vehicles. Electric and hybrid vehicles are currently receiving great 
attention, due to concerns about pollution and energy efficiency. Electric vehicles are the 
best developed technology that can be used to meet the 1998 zero emission vehicle 
mandates imposed by the State of California, and hybrid vehicles offer the potential for 
very high energy efficiencies, long driving ranges, and low pollution or zero pollution for 
fuel cell hybrids. 

Several electric and hybrid vehicle models exist in the literatwe. Interest in electric vehicles 
in the late 1970s and early 1980s resulted in many models;l-5 and the current interest has 
resulted in the development of a new generation of vehicle codes. These include, among 
others, a code that applies to pure electric vehicles, focusing especially on battery 
simulation;6 a code to simulate Stirling engine hybrids;7 and a code applicable to electric 
vehicles, range-extender hybrids, and conventional cars.8 The new models differ from the 
older models in the characteristics of the individual components being simulated, as well as 
in the vehicle configurations being analyzed, because progress in power electronics now 
makes possible not only more efficient components, but also more efficient configurations 
than those available in the past. All these models incorporate a wide range of degrees of 
detail and complexity. As with all models, increasing the accuracy results in an increased 
complexity of the model, as well as in an increased need for vehicle component data. 

The Hybrid Vehicle Evaluation Code (HVEC) described in this report has been developed 
to evduate many of the vehicle configurations currently being considered for low emission 
and high energy efficiency vehicles. HVEC is capable of analyzing vehicles with different 
combinations of primary power supplies (engines, fuel cells), and energy storage devices 
(batteries, flywheels, ultracapacitors). 
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HVEC applies only to electric vehicles and series hybrids in which the primary power 
supply and the storage system provide only electric power to the traction motor. No 
mechanical connection between primary power supply, storage, and traction motor is 
allowed. Due to this limitation, HVEC cannot be applied to simulate conventional vehicles. 
Figure 1 shows a schematic of the vehicle configuration that can be simulated with HVEC. 

DESCRIPTION OF THE CODE 

As stated previously, HVEC applies only to electric and series hybrid vehicles. The vehicle 
configurations that can be analyzed with HVEC are listed in Table 1, along with a brief 
description of each. Table 1 includes some of the configurations that present the most 
interest for high efficiency and low pollution vehicles. These configurations also represent 
the most common combinations of primary power supplies and energy storage devices. 
Table 1 does not list separate configurations for ultracapacitors, because these are simulated 
in the same way as flywheels (although most likely with Merent parameters). 

The code operates in batch mode, with all the information for the vehicle providd in a data 
fde. The user starts by selecting a vehicle configuration from the list given in Table 1. 
After this is done, the user selects the names for the vehicle data file and two result data 

. 
files (a short, summary file; and a long, more detailed file). The user can select these files 
by either typing in a file name, or by selecting the default file names given by the code. A 
list of all the information required to describe a vehicle, taken from an example data file, is 
shown in Table 2, for an engine-flywheel hybrid (configuration 4). 

HVEC starts by simulating a test drive of the vehicle over three driving cycles. The driving 
cycles are: a constant 88 km/h (55 mph) drive, the EPA Federal Urban Driving Schedule, 
and the Highway Driving Schedule. For vehicle configurations 1,2 and 3 (limited range 
vehicles), each driving cycle is repeated until the vehicle energy or power is not enough to 
meet the requirements of the drive. For vehicle configurations 4 through 8, the driving 
cycles are repeated until the vehicle travels a specified distance. This distance is chosen to 
be long enough to yield good average values over many cycles. No consideration is given 
to the possibility of having vehicles 4 through 8 run out of fuel. It is assumed that they 
have a fuel tank that is large enough to drive the specified distance. However, the test drive 
for vehicles 4 through 8 can stop before reaching the specified length of the test drive if the 
primary power source (engine or fuel cell), or the energy storage system, is not energetic 
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enough to meet the requirements of the driving schedule. HVEC requires all vehicles to 
precisely meet the velocity-time relations imposed by the driving cycles. 

HVEC uses basic vehicle dynamics equations9 to calculate the required motor power during 
vehicle operation. The user can specify vehicles with or without regenerative braking 
(except for fuel cell vehicles with no electrical storage capability, configuration 8, for which 
the code assumes no regenerative braking). In hybrid vehicles, HVEC controls the energy 
flows in and out of the primary power supply, the storage system, and the motor, with 
strategies aimed at yielding maximum energy efficiency. In hybrid vehicles with an engine 
or a fuel cell, the engine or fuel cell initially operates at a fmed power to charge the storage 
system. When the storage is fully charged, the engine or fuel cell is turned off, and the 
storage provides all the energy for propulsion and for accessories. This process continues 
until the storage is discharged to some preset level. At this point, the engine or fuel cell is 
turned on to start a new cycle. Deep storage cycles are desirable to reduce the cycling 
frequency of the engine or fuel cell. However, the depth of discharge for batteries is 
usually limited to 80%, to avoid battery damage. Flywheels and ultracapacitors are 
discharged until they have a specified amount of energy, which may be necessary if a 
sudden acceleration (such as for passing) is required before the engine or fuel cell can start 
operating. While HVEC assumes that engines and fuel cells in hybrid vehicles usually 
operate at a fued, normal power, HVEC also allows engines and fuel cells to work at a 
high power setting, which is used exclusively for long hill climbing, for which the storage 
system may not have enough energy to provide the desired performance. As the vehicle 
operates most of the time at normal power, the engine and generator, or fuel cell, are 
optimized for this condition, and the efficiency of the system may be lower at the high 
power setting. 

At the end of each test drive, HVEC gives the results for distance traveled, energy 
consumption, fuel economy in km/liter (and mpg), and a summary of system efficiencies 
and energy losses for the driving cycle. After completing the three test drives, HVEC 
calculates the time for 0-96 km/h acceleration, and hill climbing performance: range on a 
5% and on a 30% hill for vehicles 1,2, and 3; and continuous hill climbing slope at a 
96 km/h speed for vehicle configurations 4 through 8. 

After completing all energy efficiency and performance analyses, HVEC calculates the 
weight and volume of the power train, which may include: storage system, engine, fuel 
cell, generator, motor and controller, and fuel tank, depending on which vehicle is 
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specified. Weights and volumes are calculated from values and correlations given in the 
literatu~;lo~ll or from correlations derived from manufacturer's equipment catalogs. 

HVEC bases the performance calculations on the overall vehicle weight input in the vehicle 
data file (see Table 2), and therefore, the power train component weights estimated by 
HVEC do not have any effect on the performance calculations. Power train component 
weights are calculated to help the user in verifying that they are compatible with the overall 
vehicle weight given in the vehicle data file. If the power train weight is too high or too 
low for the overall vehicle weight, the user can easily adjust the overall vehicle weight, or 
vary it within a range, to evaluate the effect of power train weight on vehicle performance. 
previous models5 have used power train weights to calculate overall vehicle weight. While 
this may be useful in some instances, it is not done in HVEC due to the uncertainties 
involved in the process. 

Finally, the code calculates vehicle pollutant generation. For electric and flywheel vehicles 
(configurations 1,2, and 3), pollution is calculated by assuming that the electricity required 
to charge the battery or flywheel is generated at a natural gas power plant. For vehicles 
with an engine, the user can choose between a gasoline engine, a natural gas engine, or a 
hydrogen engine. Pollution figures for the gasoline engine assumed a generation of 
pollutants at a rate equal to the CARB LEV (California Air Resources Board Low Emission 
Vehicle) limits. For the natural gas engine, the code uses the CARB ULEV (Ultra Low 
Emission Vehicle) limits, which have been recently demonstrated.12 For the hydrogen 
engine, HVEC uses the pollution rates measured by Homan,l3 for a hydrogen engine 
operating very lean. Fuel cells are assumed to be nonpolluting, except for C02 production. 
For C02 calculations, hydrogen is assumed as being generated by steam reforming of 
natural gas at a 67% efficiency. If the hydrogen is obtained from a renewable source, C02 
production is zero. 

- .  

HVEC allows the user to specify if any of three additional result data files should be 
generated. These files include information on the driving cycles, on the storage system, 
and on the maximum acceleration test, respectively. HVEC also has an option which 
allows running for multiple values of a single variable. This option is very useful in 
parametric analyses, optimization, or for vehicle synthesis, where the performance 
specifications are given, and the goal is to find vehicle characteristics that are compatible 
with these specifications. This option allows rapid assessment of fuel economy sensitivity 
to design variables. 
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VEHICLE COMPONENT SIMULATION 

This section describes the procedure used to simulate the major vehicle components. 

1) E~=tricMoto r and Co ntroller . The efficiency of the electric motor and controller 
is calculated by using performance maps provided by manufacturers. The performance 
maps are specified in data files as tables of efficiency values as a function of torque and 
RPM. HVEC then uses Lagrangian interpolation to obtain the efficiency for any 
combination of torque and RPM. HVEC includes data files for two induction AC motors, 
a synchronous AC motor, and a DC motor. The user has the choice of selecting one of 
these motors, or generate and use a data file for a different motor. 

The electric motor simulation assumes that the performance maps are scalable in terms of 
the maximum torque and speed, so that a single motor map c& be used for a family of 
motors with the same characteristics and different sizes. According to Unnewehr and 
Knoop, 1979, this is a good assumption, if the difference in sizes is not very large. 

2) Transmission : The transmission is simulated by specifying the vehicle speeds at 
which an upshift or a downshift occurs, as well as the reduction ratios for each of the 
gears. HVEC simulates a 3 speed transmission, but the same transmission model can be 
used to simulate two speed, or fmed ratio transmissions if the speed for shifting into the 
higher gears is set very high, so that the vehicle never shifts into these gears. The model 
assumes a constant transmission efficiency, which is also specified by the user. 

3) Engine and Ge nerator: As previously discussed, engines used in the present 
model operate at two fixed conditions, in an on-off mode. The two conditions are: normal 
power, used for regular city and highway driving; and high power, used for long hill 
climbs. Therefore, the engine can be completely characterized by specifying the engine 
efficiency and power at normal and high power conditions. Engine transients are assumed 
to last a very short time and are therefore neglected (For hydrocarbon fuels, anticipation of 
engine startup by the controller would allow electrical preheat of the catalyst to achieve 
steady-state emissions). 

The generator is also specified by two efficiency values, one at the normal power 
conditions, and the other at the high power conditions since generator efficiency is also a 
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function of torque and RPM. Operating the engine and generator at fixed conditions makes 
it possible to optimize the system at the normal power conditions, which is the most usual 
operating point. The system efficiency is then higher than the efficiency of an engine and 
generator that have to operate over a wide range of conditions. 

4) Fuel Cell: In hybrid vehicles (configurations 6 and 7), fuel cells are assumed to 
operate at two fmed power settings, in the same mode of operation used for constant speed 
engine hybrids. Therefore, fuel cells in hybrid vehicles are also completely characterized 
by the efficiency and power at the high power mode and at the normal power mode. In 
pure fuel cell vehicles (configuration 8), fuel cells directly provide all the energy to drive 
the traction motor. This configuration is evaluated by using fuel cell efficiency data as a 
function of generated power. Fuel cell information is stored in a data file. HVEC includes 
data for a proton exchange membrane fuel cell.11 The user can choose this data file, or 
generate and use a data fie that is appropriate for a particular application. 

5 )  F l Y  heel o r Ultracan -acitot: Flywheels or ultracapacitors are defined by 
specifying the energy storage capacity, the energy storage density (per unit mass of the 
system), the maximum specific power (maximum power divided by total system mass), 
and the turnaround efficiency, which is assumed constant. HVEC keeps an inventory of 
the energy stored in the system, and controls the operation of the engine or fuel cell based 
on this value. 

, 

6)  Batteries: Batteries are, among all the vehicle components analyzed by HVEC, 
the component that presents the maximum difficulty to simulate with a good degree of 
accuracy. Battery performance is a function of many parameters, such as materials and 
construction methods, battery age, battery discharge rate, battery discharge history, and 
temperature. All these factors affect significantly the battery performance. 

HVEC uses the battery descriptions and routines previously used by Marr,6 for an electric 
vehicle simulation model. This model uses basic equations for the electric circuits, along 
with experimental correlations for cell internal resistance and zero load voltage as a function 
of battery depth of discharge, to evaluate the energy and power available. Battery 
temperature effects are not included in the model, but can be incorporated if experimental 
data arc available. 



Battery information is stored in data files. HVEC includes data files for the following types 
of batteries: 

Tubular lead-acid battery' 
Nickel-Iron battery 
Sodium-Sulphur battery 

The user can choose any of these data files, or generate a data file that is appropriate for a 
particular application, provided that the required experimental results are available. It 
should be recognized that this is a difficult procedure, because a battery model is usually 
appropriate only for the specific type of battery for which the experimental results were 
obtained. 

When battery data are limited, and high accuracy is not required, the flywheel model can be 
used to simulate a battery. The flywheel model only requires information on specific 
energy, specific power, and turnaround efficiency, which are available for most battery 
types. This approach has been used by some researchers in the pasf7 and can be used to 
obtain initial estimates to vehicle range, energy consumption, and performance. 

APPLICATION OF THE CODE 

HVEC is now applied to the analysis of a five passenger, engine-flywheel hybrid vehicle 
which utilizes a hydrogen internal combustion engine. This vehicle is being developed as a 
general purpose, long range vehicle, which will pollute less than an electric vehicle, if 
power plant pollution is taken into account. The vehicle operates with a flywheel and an 
optimized hydrogen engine with a 15: 1 compression ratio. The engine is designed for lean- 
bum operation at constant speed, and has a predicted brake thermal efficiency of 46%. 
This vehicle may also be capable of a gasoline equivalent fuel economy of 33.8 kmA 
(80 mpg), which has been set as a goal by the Partnership for a New Generation of 
Vehicles (PNGV). The vehicle specifications are given in Table 2. While the values listed 
in the table are estimates, the values chosen are believed to be achievable with current 
technology. However, it is recognized that key vehicle components (engine and flywheel) 
are still under development, and therefore it is possible that the final performance figures 
may be different than the estimated values listed. It should also be pointed out that at the 
high mileage efficiencies of such vehicles, small changes in accessory loads or wind loads 
can have significant effects on energy equivalent mileage. 
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Table 3 lists the results obtained for the vehicle. The calculations assume a lower heating 
value for gasoline equal to 3.18 x 107 JA. The model predicts a very high combined fuel 
economy (34.2 M , o r  80.9 mpg, 55% urban, 45% highway), very low emissions, and 
high performance (0 - 96 km/h acceleration in less than 10s). Fuel economy is lower for 
the urban cycle than for the highway cycle, mainly due to the accessory load (lo00 W total, 
500 W for air conditioning and 500 W for other accessories), which has to be provided 
during vehicle operation. Since a vehicle in the urban driving cycle takes longer to 
complete the specified distance, more energy is necessary to satisfy the accessory load in 
this cycle. The results also show a power train weight and volume which are reasonable 
compared to the assumed overall vehicle weight (1 136 kg empty weight, see Table 2). The 
values for the fuel tank weight and volume listed in Table 3 correspond to a cryogenic 
liquid hydrogen storage system that can store 3.75 kg of hydrogen to give a 480 km 
(300 mile) range. 

The code has also been used for parametric studies of the vehicle. Parametric studies are 
important because, as previously discussed, some of the vehicle data are subject to change. 
It is also desirable to h o w  how sensitive the fuel economy of the vehicle is to variations in 
the different parameters. This information allows the vehicle develope-r to spend a greater 
effort on improving the parameters that are the most important for obtaining a high fuel 
economy. 

. .  

Figures 2-4 show the results of the parametric analysis. Figures 2(a) - (d) are a &t of fuel 
efficiency maps for the vehicle, with contour lines that indicate gasoline equivalent km/l, 
with mpg in parentheses, as a function of engine brake thermal efficiency, and au additional 
vehicle parameter, chosen respectively as vehicle mass, drag, accessory load, and flywheel 
efficiency, for Figs. 2(a) - (d). The four fuel efficiency maps also show the operating 
points for vehicles with a hydrogen engine, a compressed natural gas (CNG) engine, and a 
gasoline engine. The efficiency for the gasoline engine shown in the figures is the peak 
efficiency for a current engine.14 The efficiency of the natural gas engine is estimated as 
35%, assuming 12: 1 compression ratio. 

Figure 2(a) shows fuel economy lines as a function of engine 'efficiency and vehicle test 
mass. The figure shows constant fuel economy lines with a small slope, which indicates 
that fuel economy is fairly insensitive to vehicle mass. This figure (as well as Figs..2(b) - 
(d)) also shows that the CNG and gasoline hybrids have fuel economies that fall well 

-9- 



below the 33.8 M ( 8 0  mpg) PNGV goal. Only the hydrogen hybrid vehicle can reach 
the desired goal. 

Figure 2(b) shows fuel economy lines as a function of engine efficiency and vehicle CdA 
product, where c d  is the vehicle drag coefficient and A is the frontal area of the vehicle. 
The product CdA determines the aerodynamic drag on the vehicle. Constant fuel economy 
lines in Fig. 2(b) are also close to horizontal, which indicates that drag does not have a 
major effect on fuel economy, at the conditions being considered in this analysis. 

Figure 2(c) shows fuel economy lines as a function of engine efficiency and vehicle 
accessory load. The figure shows that accessory load has a major effect on fuel economy, 
and this effect is observed to increase as the vehicle becomes more efficient, This figure 
points very clearly to accessory load reduction as an important way to obtain high fuel 
economy vehicles. 

Figure 2(d) shows a fuel economy map for the hydrogen hybrid vehicle, with fuel 
economy as a function of flywheel turnaround efficiency and engine efficiency. The figure 
shows that flywheel efficiency has a strong effect on the fuel economy of the vehicle. The 
region in which &e fuel economy exceeds 33.8 kndl(80 mpg) occupies only the upper 
right comer of the figure, indicating that a combination of high flywheel efficiency and high 
engine-generator efficiency is necessary to achieve the PNGV g o d  Reaching the flywheel 
and engine-generator efficiency values indicated in this figure is probably the biggest 
challenge in designing a vehicle that meets the PNGV goal 

, 

Flywheel energy storage capacity and power are also important parameters for vehicle 
design. It is especially important to know the minimum flywheel energy storage capacity 
and power that results in satisfactory vehicle operation. Figures 3 and 4 show the results 
of a parametric analysis, in which the flywheel energy storage capacity is varied between 
0.25 and 2 kWh. The analysis assumes a ratio of flywheel energy capacity to peak power 
of 0.01 hours, estimated from the values given in a recent publication.15 

Reducing the flywheel energy capacity results in a reduction of the duration of engine on- 
cycles. As flywheel energy storage decreases, it is charged and discharged in less time. 
Figure 3 shows average engine on-time and off-time, for the urban and highway cycles, for 
the hydrogen hybrid vehicle. The linearity of the curves (except for some variations due to 
the variations in the driving cycle) indicates that the engine duty cycle (fraction of the total 
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time the engine is on) remains constant in the whole range, approximately equal to 0.13 for 
the urban cycle, and 0.26 for the urban cycle. For small flywheel capacities, the average 
engine on-time drops to under 1 minute, and it is possible that engine design 
considerations, or engine cycling losses (not considered in the current analysis) may set a 
lower limit to the flywheel energy capacity. Otherwise, power requirements set a lower 
limit to flywheel output at about 35 kW for both cycles (a slightly higher minimum power 
is required for the, urban cycle than for the highway cycle, as shown in the figure). 

Figure 4 shows fuel economy and required time to reach 96 km/h (60 mph), as a function 
of flywheel energy and power capacity, for the hydrogen hybrid vehicle. Fuel economy is 
not affected by flywheel storage capacity, (except for small oscillations due to variations in 
the driving cycles), because HVEC neglects transient engine losses. Transient losses may, 
in some engines, cause a decrease in fuel economy for short cycles (i.e., at low flywheel 
capacities). The time for maximwneffort acceleration from 0 to 96 km/h drops rapidly 
from 30 to 9.7 s as the flywheel power increases from 25 to 80 kW. Further increases in 
flywheel power do not have any effect on the time for maximum acceleration, because, for 
high flywheel power, maximum acceleration is limited by maximum motor power output. 

CODE VALIDATION 

Validation of vehicle simulation models is difficult due to the great number of variables that 
affect vehicle performance. A rigorous code validation requires a statistical analysis, in 
which the code results are compared to the average vehicle performance obtained over 
many test drives, to reduce the effect of random variations in vehicle parameters.16 

HVEC has not been validated according to this criterion. However, HVEC has been 
applied to simulate the performance of current electric vehicle prototypes for which the 
required vehicle and performance parameters are known. The results of the analysis 
indicate an agreement within 10% between the experimental and calculated values, for fuel 
economy as well as for time for maximum effort acceleration. While not a rigorous 
validation, this agreement is considered satisfactory, and appears to indicate that code 
results are a good indication of vehicle performance. 
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CONCLUSIONS 

This paper describes a vehicle simulation model which can be applied to many of the 
electric and hybrid vehicle configurations currently being considered for low pollution and 
high-fuel economy. For a given vehicle, the model calculates energy consumption and fuel 
economy over three driving cycles, maximum effort acceleration performance, hill climbing 
performance, power train component dimensions, and pollutant generation. The results 
obtained with the simulation code have been compared with measurements made for 
existing electric vehicle prototypes, and the agreement has been satisfactory. 

The paper also describes the application of the simulation model to a hydrogen hybrid 
vehicle that operates with a constant speed, high compression ratio internal combustion 
engine. The results indicate that, for the vehicle characteristics used in the analysis, the 
vehicle meets the 33.8 W ( 8 0  mpg) PNGV goal, has high performance, low emissions, 
and a 480 km (300 mile) range on 3.75 kg of hydrogen. 

The simulation model is also used in parametric evaluations of the vehicle. These have 
shown that vehicle fuel economy for the hydrogen hybrid vehicle is a strong function of 
engine efficiency, flywheel turnaround efficiency, and accessory load, and only a week 
function of mass and drag. Parametric analyses are also applied in the calculation of the 
minimum flywheel energy and power requirements. 
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FIGUlRE CAPTIONS 

1) Schematic of the vehicle configuration that can be simulated with HVEC. Solid 
arrows indicate the allowable directions for electrical energy transfer, and dotted 
arrows indicate mechanical energy transfer. Primary power supplies aie engines or 
fuel cells. Storage systems are flywheels, ultracapacitors or batteries. 

2) Fuel economy maps for the hybrid vehicle. The lines indicate gasoline equivalent 
My with mpg in parentheses, as a function of engine brake thermal efficiency, and 
an additional parameter, chosen as mass for Fig. 2(a), drag for Fig. 2@), accessory 
load for Fig. 2(c), and flywheel turnaround efficiency for Fig. 2(d). The figures also 
show the operating points for vehicles with a hydrogen engine, with a compressed 
natural gas (CNG) engine, and with a gasoline engine. 

3) Average engine on-time and off-time, for the urban and highway driving cycles, as a 
function of flywheel energy storage capacity, for the hydrogen hybrid vehicle with a 
31 kW engine power output. 

0 

4) Vehicle fuel economy and required time to reach 96 km/h, as a function of flywheel 
energy and power capacity, for the hydrogen hybrid vehicle. 

, 
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1 

Table 1. List of vehicle configurations that can be analyzed with HVEC, including a brief 
description of each. Ultracapacitors are simulated in the same way as flywheels, and 
therefore the list does not include separate configurations for ultracapacitors. 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

Electric vehicle. Conventional battery-powered electric vehicle. 

Flywheel vehicle. Electric vehicle which uses a flywheel instead of a battery for 
energy storage. 

Battery-flywheel hybrid. This vehicle uses a flywheel for leveling the battery load 
and for regenerative braking. 

Engine-generator-flywheel hybrid. This vehicle uses an engine operating at a fmed 
power, in an on-off mode, to keep the flywheel at an appropriate state of charge. The 
flywheel provides the power peaks, stores the engine energy not required for traction, 
and provides all the traction energy when the engine is off. 

Engine-generator-battery hybrid. This vehicle operates in exactly the same way as the 
engine-flywheel hybrid, with the flywheel replaced by a battery for energy storage. 

Fuel cell-flywheel hybrid. The operation of this vehicle is also the same as the 
operation of the engine-flywheel hybrid, with the fuel cell providing a constant 
power, in an on-off mode. 

Fuel cell-battery hybrid. In this vehicle, the fuel cell also operates at a constant power 
in an on-off mode. Energy storage is provided by batteries. 

Fuel cell vehicle. In this vehicle, the fuel cell directly drives the motor. The vehicle 
has no energy storage device, other than the fuel tank, and therefore regenerative 
braking is not an option 
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Table 2. Information required for the vehicle spec Fication data fde for vehicle configuration 
4 (engine-flywheel hybrid), for a hydrogen hybrid vehicle with an optimized engine. 

Title of ruq 

Enter type of electric motor 
1. DCmotor 
2. AC synchronous motor 
3. AC induction motor 
4. AC induction motor 
5 .  User-Defined motor 

LLNL Hydrogen Hvbrid Vehicle 

Is there regenerative braking? l=yes, &no 

Vehicle characteristics 
1. 
2. frontalareainm2 
3. aerodynamic drag coefficient 
4. coefficient of rolling friction 
5. 

overall vehicle test weight in kg (empty weight + 136 kg) 

2nd coefficient of rolling friction in s/m 

Motor characteristics 
1 1. motor maximum continuous torque in N-m 
12. motor maximum RPM 

Transmission characteristics 
2 1. transmission efficiency 
22. velocity for changing to 2nd gear, d s  
23. velocity for changing to 3rd gear, d s  
24. 1st gear reduction ratio, RPM/(m/s) 
25. 2nd gear reduction ratio, RPM/(m/s) 
26. 3rd gear reduction ratio, RPM/(m/s) 

Moment of inertia contributions 
31. tireradius,m 
32. moment of inertia for 4 tires and axles, kg m2 
33. moment of inertia for motor and transmission, kg m2 

Energy storage 
42. flywheel storage capacity, J 
43. flywheel specific energy storage, J k g  
44. flywheel maximum specific power, Wkg 
45. flywheel turnaround efficiency (outputhput) 

4 

1 

1,272 
2.04 
0.24 

0.007 
0.0 

10.0 
1 1 ,ooo.o 

0.95 
100.0 
100.0 
300.0 

0.0 
0.0 

0.30 
5.0 

0.06 

7.2~106 
1.8~105 
5,000.0 

0.88 
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Table 2. Cont. 

Engine charactehtics 
Enter a number for engine type 
1. Gasoline engine 
2. Natural gas engine 
3. Hydrogen engine 
5 1. Engine power at peak efficiency in W 
52. peak engine efficiency fraction 
53. peak generator efficiency fraction 
54. maximum continuous engine power in W (for hills) 
55. engine efficiency fraction at maximum power 
56. generator efficiency at maximum engine power 
57. length of test drive, m 

Accessories 
Air Conditioning load is 10% of steady-state load at 50 mph 
Do you want air conditioning? (l=yes, &no) 
6 1. additional accessory load 
62. energy transfer efficiency between flywl and access 

File control 
Do you want dfde (POWEIRDAT) with drive power results? 
(l=yes, &no) 
Do you want a file (FLWWEEL.DAT) with flywheel results?. 
(l=yes, &no) 
Do you want a file (ACCELRTN.DAT) with 0-60 mph accel data? ‘ 
(l=yes, &no) 
How many cycles for each schedule do you want in the files? 

Parametric studies 
Do you want to do a parametric study? (l=yes, &no) 
Enter variable number that is to be varied within a range 
Enter minimum value of range 
Enter maximum value of range 
Enter number of interval subdivisions 

3 
31,000 

0.46 
0.95 

40,000 
0.40 
0.90 

500,OOO 

1 
500 

1 

0 

0 

0 
0 
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Table 3. Results obtained for the hydrogen hybrid vehicle defrned in Table 2. 

Energy information for each driving cycle 

Number of cycles 
Total time, s 
Distance travelled, m 
Consumed energy, J 
W h h l  
Gasoline equivalent kmfl 
Gasoline equivalent mpg 

88 km/h 
(55 mph) 

20,980 
5 15,800 

4.33~10~ 
233 

37.8 
89.5 

Urban 

43 
57,660 

504,000 
5 .06~10~ 

279 
31.7 
74.9 

- 

Combined gasoline equivalent krn/l (mpg) 
(55% urban, 45% highway) 

34.2 (80.9) 

Performance characteristics 

Time to reach 96 km/h, s 
Distance travelled in 10 s, m 
96 krn/h climbing slope in percent 

Approximate weights and volumes for power train 

Component 
Motor 
Controller 
Transmission 
Flywheel 
Engine 
Generator 
Fuel tank 

9.7 
165 
5.5 

Highway 

32 
23,940 

515,800 
4.33~10~ 

233 
37.8 
89.5 

Weight& Volume,liters 
24 8 
20 20 
9 3 
40 44 

117 128 
42 14 
30 90 

Total weight and volume 282 307 

Pollutant generation in g/krn 
LEV and ULEV values added for comparison 

Vehicle LEV 
C@: 78 
HC: 3.1 x 4 . 7 ~  

N W  5.8~10-~ 1 . 3 ~  1 0-1 
co: 3.1~10-~ 2.1 

UIEV 

2 . 5 ~  1 0-2 
1.1 
1.3~10-1 
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