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ABSTRACT 

 

The motivation for the use of hydrogen as fuel is that it is renewable and can 

reduce emissions. Hydrogen fuel cell vehicles are still likely to be more of a far-term 

reality because of their high manufacturing cost. A hybrid electric vehicle (HEV) with a 

hydrogen fueled internal combustion (IC) engine has the potential to provide a low-

emission, low-cost, practical solution in the near future.  A standard SUV has been 

converted into a hydrogen powered HEV. The powertrain utilizes compressed gaseous 

hydrogen as fuel, a boosted hydrogen IC engine, an induction motor, a hydraulic 

transmission, regenerative braking, advanced Nickel Metal Hybrid (NiMH) batteries, and 

a real-time control system. Tests show that the vehicle can deliver higher fuel economy 

and much lower emissions than those of a traditional SUV without compromise to 

performance. This dissertation presents an overview of the prototype vehicle and 

emphasizes some of the unique features of this energy-saving, clean environment 

solution.   

Validation plays an important role in the software development, as it provides 

users the degree of accuracy of the software. Modeling tools could be validated using the 

data sources of vehicle testing. The testing data will be used for the comparison of model 

results and test data. However, not much work has been conducted to validate the 

modeling tools by other research work. This dissertation validates the modeling tools by 

the testing results of the hydrogen HEV. 
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 CHAPTER I 

INTRODUCTION 

 

1.1 Background and Motivation 

The transportation system is very important to the entire world today, but at the 

same time gasoline and diesel fueled vehicles burn oil in an internal combustion engine. 

Therefore, concerns about atmospheric pollution and dwindling petroleum supplies 

continue to stimulate research on new, clean, and fuel–efficient vehicle technologies. 

With this trend in mind, the use of alternative, renewable fuels and innovative vehicle 

architectures has been a proposed solution to help reduce harmful emissions.    

In recent years, activity in alternative fuel research, such as bio-diesel, ethanol, 

hydrogen, natural gas, and propane has increased rapidly. Also, several of the largest 

automotive companies (GM, Ford, Honda, Nissan and Toyota, etc.) and academic 

research institutions all over the world have begun to do research on advanced vehicle 

development including electric vehicle (EV), hybrid electric vehicle (HEV) and fuel cell 

vehicle (FCV).  

Hydrogen has advantages over conventional fuels when used in an internal 

combustion engine. The characteristics of hydrogen improve engine efficiencies as well 

as dramatically reduce emissions.  It is the most abundant element on the planet, and it is 

the cleanest burning fuel on the basis of carbon atoms per fuel molecule. It also has the 

potential of producing only water when reacting with oxygen [2]. Carbon emissions 

(CO2, CO and HC) from a hydrogen engine are virtually nonexistent. The primary 
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emissions are nitrous oxides (NOx). A lean hydrogen mixture has an equivalent octane 

rating of 140. The higher octane rating allows a much higher compression ratio than 

conventional gasoline engines. This property alone adds a potential 15-25% increase in 

engine efficiency. In addition, hydrogen is a renewable energy that can be extracted from 

many different sources including water, ammonia, plant and more. 

Electric vehicles have long held the promise of zero emission vehicles. However, 

battery powered electric vehicles have not been accepted by the general public, in large 

part, because of their very limited range. Although hybrid electric vehicles (HEV) with 

gasoline or diesel engines can get rid of the problem of limited range and reduce 

emissions, they still discharge some emissions. Hydrogen fuel cells are being considered 

as an ideal candidate for future vehicles, due to their high efficiency and near-zero-

emission [1]. However, fuel cell vehicles are thought to be more of far-term reality. The 

major obstacles in the way of extensive use of fuel cells are their high cost and low 

reliability. Compared with using fuel cell as a power source, the hydrogen engine 

achieves economic feasibility because it is based on existing engine design. 

Instead of only considering energy consumption and greenhouse gases (GHG) in 

vehicle operation stages, it is important to analyze the energy use and emissions in the 

whole fuel-cycle from well-to-wheels (WTW), because in some cases they can be much 

higher in the well-to-pump (WTP) stage than the energy use, and emissions produced to 

propel the vehicle in the pump-to-wheels (PTW) stage. GREET (Greenhouse gases 

Regulated Emissions and Energy use in Transportation) software from ANL was used to 

estimate the energy consumption and GHG in the whole fuel pathway. A summary of the 
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total energy use and GHG emissions for various types of vehicles is given in Table 1.1.  

Although lack of direct model hydrogen powered HEV in GREET, research shows that 

overall system efficiency of the HEV is close to that of a fuel cell vehicle [13]. Due to the 

current methods of production, transportation, distribution, and storage of hydrogen, a 

hydrogen powered vehicle is less efficient than most vehicle in the WTP stage. However, 

the drawbacks for the use of hydrogen are offset by the gains in the PTW cycle. Another 

obvious advantage of using hydrogen is the drastically reduced GHG. Moreover, the 

GHG can be virtually eliminated, and energy efficiency of WTP can be further increased 

greatly, if hydrogen is generated from renewable sources.    

 

Table 1.1 Energy Consumption and Greenhouse Gases Emissions 

 Energy Consumption (kJ/km) Greenhouse Gases Emissions 
(g/km) 

Vehicle Type WTP PTW WTW WTP PTW WTW 
Gasoline 884 3,679 4,563 73 264 337 

Gasoline1 Hybrid 783 2950 3733 60 219 279 
Electrical 2,886 0 2,866 239 0 239 
Fuel Cell 1,250 1,757 3,007 188 0 188 

1Federal Reformulated Gasoline 

Actually, there are many components that can be shared between a hydrogen 

HEV and a fuel cell vehicle, including on-board hydrogen storage and delivery systems, 

power electronics, electric motors, batteries, and lightweight materials. Research of these 

technologies will definitely benefit the study on fuel cell vehicles.   

Although much achievement has been obtained, this promising concept requires 

further comprehensive research both in the development and commercial production of 

specific components and evaluation of performance characteristics and actual operating 
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cost. Moreover, the accomplished research has been focused on medium size 

automotives. However, Sport Utility Vehicles (SUV) and light duty trucks compose more 

than 50% of new vehicles sold in the United States and are still attractive to more and 

more consumers. These vehicles achieve poor fuel economy and produce substantial 

emissions while have high requirements of performance such as off-road driving, 

compared to smaller passenger cars. Accordingly, it is necessary to start research on 

SUVs to reduce emissions without sacrificing performance. Also, it is important to 

increase public awareness of hydrogen fuel technology.  

Based on the above analysis, the Texas Tech University Advanced Vehicle 

Engineering Lab (AVEL) proposed that a HEV with an internal combustion (IC) engine 

fueled with hydrogen could be a low emission, low cost, practical alternative in the near 

future to compete with fuel cell vehicles. However, very little research has been done on 

hybrid vehicles with hydrogen IC engines [3], [4]. Therefore, it is critical to design and 

develop a hybrid SUV with hydrogen engine through experimentation to verify the 

assumptions that the vehicle emissions could meet the ultra low emissions vehicle 

standards (ULEV) being proposed by governmental agencies. Another motivation of the 

research is to increase the public awareness of hydrogen fuel technology.  

 

1.2 Overview of the Dissertation  

This thesis documents and details the work carried through to design and 

development a control system for a HEV with a hydrogen IC engine. In this paper, the 

development of a HEV with a hydrogen IC engine is also presented briefly. Chapter II 
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shows the research conducted on hydrogen engine and hybrid electric vehicles. Chapter 

III briefly describes the hydrogen engine development in TTU AVEL and the overall 

design process of a hybrid SUV, including the description of component selection and 

sizing. Chapter IV is main the part of the dissertation, which presents the vehicle control 

system development, including both hardware design and software programming. 

Chapter V presents the experimental testing for the hydrogen HEV and the validation of 

the software model using the testing data. Chapter VI is the conclusion of the paper. 

Figure 1.1 shows the flowchart of this dissertation. 

 

 

Figure 1.1 Flowchart of the Dissertation 
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CHAPTER II 

HYDROGEN IC ENGINE AND HYBRID ELECTRIC VEHICLE DEVELOPMENT 

 

2.1 Hydrogen Properties  

Hydrogen is a very unique fuel, due to the differences of its properties from those 

of other fuels. These distinctions have their advantages and disadvantages when applied 

to the internal combustion engine.   

Hydrogen has the lowest atomic weight, lowest density, and second lowest 

melting and boiling points of all gases. The hydrogen molecule can be considered a 

cryogenic liquid between its melting point (-259o C) and boiling point (-253o C). It can be 

extracted from common molecules such as water or methanol.  There are 111 kg of 

hydrogen for every cubic meter of water, 100 kg of hydrogen for every cubic meter of 

methanol, and 113 kg of hydrogen for every cubic meter of heptanes. Products created by 

the combustion of hydrogen include water and heat. Oxides of nitrogen may also form if 

temperatures exceeding 1480o C. NOX is considered hazardous as it causes respiratory 

problems and is a precursor to ozone. Small amounts of hydrocarbons may be found in 

the byproducts from the burning of lubricants in the combustion chamber.   

The heating value is the energy available in a substance if it experiences a 

complete reaction. The low heating value accounts for the heat of vaporization. Heating 

values for hydrogen are much higher than other fuels per unit weight due to its high 

energy to weight ratio. However, the energy density of hydrogen should be considered 

since hydrogen is significantly less dense than other fuels [6-7].  
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Fuels will only burn as vapors, and the point at which the fuel reaches this 

condition is called a flashpoint. Hydrogen’s flashpoint is less than -253o C. Once above 

this point, it has a flammability range between 4 and 75 percent volumetric concentration 

of air. Beyond these concentrations, hydrogen is incapable of ignition. As a comparison, 

gasoline and diesel both have narrow flammability ranges between 1 and 7.6 percent and 

0.6 and 5.5 percent, respectively. 

A flame front extinguishes itself when entering a gap of a certain critical width, 

which is called quenching distance. The low quenching distance of hydrogen is helpful 

because more unburned fuel is reached and more of the volume of the cylinder is used. 

However, the small quenching gap can also be a disadvantage as hydrogen can travel into 

tighter places that most hydrocarbon fuels can not, which can result in ignition from 

small hot spots throughout the intake manifold and valve area.  

The high burning velocity of hydrogen along with the strong temperature 

dependence is one of the most important reasons for the acceleration from laminar to 

turbulent hydrogen flame fronts and for the transition of a deflagration into a detonation.   

 

2.2 Hydrogen Applied in IC Engine  

Hydrogen has the lowest atomic weight, lowest density, and second lowest 

melting and boiling points as discussed before. It is a very unique fuel due to its low 

ignition energy, fast flame speed, low energy density, and broad flammability range and 

burn rate. These distinctions provide challenges for hydrogen use in an IC engine. 
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Due to the properties of hydrogen, the most important issues concerning a 

hydrogen engine are pre-ignition and backflash. Again, pre-ignition is a condition where 

a sudden ignition of fresh charge occurs after the intake valve closes and before the spark 

plug fires. Backflash occurs when hydrogen is ignited before the intake valve closes 

because of the local existence of a hot, rich pocket of hydrogen. Two main factors 

contributing to uncontrolled ignition are the low activation energy and small quenching 

gap of hydrogen. Research shows that pre-ignition and backflash are the main causes of 

limited torque in hydrogen fueled engines [10]. Therefore many methods have been 

applied to reduce the phenomena while increasing engine torque.   

 

2.3 Hydrogen IC Engine Research 

BMW, Ford Motor Company, Nissan Motors, Sandia National Lab and some 

other research institutions are exploring hydrogen fueled IC engines for the near-term use 

to compete with fuel cells.  

An intensive research effort has been carried out by BMW since 1979 on port fuel 

injection of hydrogen engines. In this environment, the air and fuel are mixed outside of 

the combustion chamber, while the direct injection means that the fuel is injected directly 

in the combustion chamber rather than externally.  BMW found that with external 

mixture formation, at stoichiometric air/fuel ratio operation, the hydrogen displaces 

approximately 30% of the aspirated air. Therefore, BMW suggests that a direct supply of 

hydrogen to the combustion chamber will allow the engine to have the best power density 

[8].  The investigation of BMW shows that the fuel injection should not happen after 



 9 

ignition. The latest possible injection point with increased load was moved from 40o to 

60o crank angle BTDC (before top dead center). It also shows that direct injection of 

hydrogen was able to achieve an indicated mean effective pressure greater than gasoline. 

The research efforts from BMW indicate that hydrogen fueled engines are a promising 

option for future automobiles. Based on these studies, direct injection of hydrogen into 

the combustion chamber may provide a means to increase engine efficiency and decrease 

emissions while maintaining an optimal level of power output.   

 Ford Motor Company began research and development of a hydrogen fueled IC 

engine in 1997 which was a Ford 2.0L Zetec engine. Many modifications were made to 

the engine to improve combustion. The pistons, cylinder head, ignition system, wrist 

pins, connecting rods, piston ring lands, and fuel injectors were all modified. Test results 

indicated that hydrogen as a fuel for an IC engine has unique properties such as low 

carbon related emissions and high fuel economy due to high octane number. Backflash, 

which can be described as the unintentional ignition of the fresh charge before the intake 

valve closes, is one of the most harmful phenomena of a hydrogen engine. Backflash can 

be controlled by injecting the hydrogen only during the forward flow of air into the 

cylinder during the intake stroke to minimize the exposure of the fuel to hot spots or 

being heated. Pre-ignition, unintentional ignition of the fresh charge after the intake valve 

closes, is another harmful phenomenon in hydrogen engine. It imposes a limit on 

maximum torque output that is primarily a function of maximum Φ  capability, the 

magnitude of which depends on compression ratio (CR), spark timing, charge density and 

engine speed. Here Φ  is defined as “a percentage of the stoichiometric ratio”. Ford’s 
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testing indicated that, relative to gasoline, pre-ignition reduced torque output on the 

engine by 35% at low and mid speeds and 50% at high speed. The best specific fuel 

consumption occurred at Φ =0.25, while unburned exhaust hydrogen increases drastically 

when operating leaner than Φ =0.25. The NOx emissions are primarily a function of 

equivalence ratio. The NOx concentration increases dramatically at Φ >0.5. As hydrogen 

has a very broad flammability and burn rate range, the hydrogen engine can be controlled 

in a manner similar to a gasoline engine, where fuel/air ratio is constant and desired 

torque is a function of both fuel and air flow. To improve performance, the hydrogen 

engine was installed with a supercharger, which boosted air into the engine to enrich the 

fuel-air mixture. Tests showed a torque deficit of 28% compared to gasoline and a deficit 

of 7% utilizing an air-to-air intercooler [2, 7, 9-11].  

 Nissan Motors and Musashi Institute of Technology determined that adding boost 

pressure to a hydrogen fueled engine will help achieve higher efficiency, power, and 

lower NOx emissions.  In addition to those conclusions, indications that a larger bore also 

increased thermal efficiency may lead to further development work with larger 

displacement engines [12].   

 Sandia National Lab’s preliminary analysis demonstrated that a hydrogen fueled 

engine can provide the necessary power with a drive-cycle efficiency approaching that of 

the fuel cell vehicle of the future. Lab test data shows that the engine obtained high 

thermal efficiency and low NOx emissions when running on hydrogen [13]. 

 Although significant work has been done on hydrogen powered IC engines and 

the results have been reported, the actual details in the development and control of the 
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engine have not been reported and are considered by most companies as proprietary. 

There is a need to develop a hydrogen based IC engine with all of the details of the 

development and control available.   

 

2.4 Hybrid Electric Vehicle (HEV) Architectures  

In a hybrid electric vehicle, propulsion power is available from two or more types 

of energy storage and power sources, and at least one source can deliver electric current 

[5]. HEV technology can reduce both fuel consumption and emissions as its architectures 

have the possibility of downsizing the engine, reducing the transient load on the engine, 

and recovering energy during regenerative braking. In addition, HEVs have the ability to 

satisfy power demands by moving between the thermal and electrical paths. HEVs can 

overcome the EV problem of limited range and provide reduced emissions. Hybrid 

vehicles are normally divided into subtypes of series, parallel or series–parallel (split), 

which refers to the manner in which the engine and electric motor supply power through 

the propulsion system to the wheels. 

 

2.4.1 Series Hybrid System 

In a series hybrid, an IC engine powers a generator. The electricity generated 

either charges a battery pack or supplies power directly to the traction motor to reduce 

demand on the battery pack. Figure 2.1 shows the series HEV configuration. The biggest 

advantage of the series HEV configuration is that the engine power output is buffered by 

the battery pack, which allows the engine to operate predominately at steady state in its 
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most efficient mode to provide minimum fuel consumption. Because the engine can 

operate in its most efficient mode when running, emissions are significantly decreased. 

The disadvantage is that all the propulsion devices must be sized for maximum sustained 

power to climb long grades and to provide full acceleration, which makes a series HEV 

expensive. Ostensibly, the efficiency of series HEVs is lowered as energy is converted 

two times when the vehicle is cruising [5].  

 

 

Figure 2.1 Series Hybrid Electric Vehicle 

 

2.4.2 Parallel Hybrid System 

In a parallel hybrid electric vehicle, the IC engine can deliver mechanical power 

directly to the powertrain. Figure 2.2 shows the parallel HEV configuration. With a 

parallel HEV, either the battery–electric system or the heat engine may be used to propel 

the vehicle, or they may be used simultaneously when maximum power is required [5]. 

The parallel hybrid needs two propulsion devices — the engine and the electrical motor. 

Another advantage over the series HEV is that a smaller engine and a smaller electric 
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motor can be used to provide the maximum vehicle performance as long as the battery is 

not depleted.  

 

 

Figure 2.2 Parallel Hybrid Electric Vehicle 

 

2.4.3 Series-Parallel Hybrid System 

A series–parallel HEV configuration incorporates the features of both the series 

and parallel HEVs, but this technique involves an additional mechanical link as compared 

with the series hybrid and also an additional generator as compared with the parallel 

hybrid, as shown in Figure 2.3. The Toyota Prius is a well known commercial example of 

a split architecture HEV. Although it has the advantages of both series and parallel HEV 

operation [5], the series–parallel HEV is relatively more complicated and costly and less 

reliable.    
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Figure 2.3 Series-Parallel Hybrid Electric Vehicle 

 

2.5 Commercial Hybrid Electric Vehicle  

 Hybrid electric vehicles have the potential to reduce air pollution and improve 

fuel economy without sacrificing vehicle performance and available infrastructure for 

conventional vehicles. Much research has been done on HEVs in both industry and 

academia. The research includes vehicle architecture design, energy storage system 

development and electric propulsion systems development.  

 Presently, there are two production HEVs in the U.S. market: the Toyota Prius 

and the Honda Insight. In addition, DaimlerChrysler, Ford and GM have developed 

technology demonstration vehicles (ESX3, P2000 and Precept, respectively) to meet the 

requirements of the Partnership for New Generation of Vehicles (PNGV) [14]. The 

DaimlerChrysler ESX3, Ford, P2000, and Honda Insight present the mild hybrids. These 

vehicles have relatively small electric motors to start and stop engines. The GM Precept 

and Toyota Prius are medium hybrids as electric motor power is comparable to engine 

power. The Precept is unique in offering four-wheel drive through the use of a coaxial 
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electric machine driving the front wheels in conjunction with an engine in the rear [15]. 

The Prius architecture includes an internal combustion engine and two motors arranged to 

allow both parallel and series hybrid operation. The planetary gearset and reduction 

gearing take the place of a conventional multi-geared transmission and implement a 

continuously variable transmission (CVT) function. These medium hybrid vehicles have 

the advantage of being able to recover more vehicle kinetic energy because the electric 

propulsion system and battery are sized for higher power demands [16].   

 The Japanese vehicles use gasoline spark-ignited (SI) engines, while the three 

PNGV vehicles use compression-ignition direct-injection (CIDI) diesel engines. The 

diesel engines have higher cycle efficiency compared to gasoline engines [17, 18]. 

However, the production diesel fueled HEVs are considered for consumer acceptability, 

as in 1999 only 13,600 diesel-engine cars were sold in US of a total of 9.7 million cars 

[19].  

 There are two different transmissions for HEVs: the continuously-variable 

transmission (CVT) and the automatic transmission (AT). The CVT provides a smooth 

application of torque in acceleration and allows the engine to be held at desirable 

operating speeds relatively independent of vehicle speed for better fuel economy or 

performance. The AT has the automatic control of shift selection that is also desirable for 

fuel efficiency and performance as well as reliability.  

 Permanent magnet (PM) motors are selected for electrical propulsion, except for 

the Ford P2000. The choice could be understood from an efficiency and energy density 

perspective. An induction motor was used in the Ford P2000 because of high-temperature 



 16 

demagnetization. The medium hybrids (Prius and Precept) used liquid cooling for the PM 

motors. Liquid cooling helps to increase the continuous power rating and the length of 

time that peak power can be provided. On the other hand, the use of liquid cooling adds 

cost, mass, and complexity [20, 21].  

 Batteries are widely used for hybrid vehicle energy storage system. Nickel metal 

hydride (NiMH) or lithium ion (Li-ion) batteries are preferred to the traditional lead-acid 

battery and nickel cadmium (NiCd) battery for reasons of energy density, power density, 

and power output at low state-of-charge (SOC) [20, 22-23]. In sizing battery packs for 

HEVs, the batteries have the ability to handle regenerative braking as well as peak motor 

demands. The hybrids described above all used NiMH batteries, as the price of Li-ion 

batteries are too high. Similarly with motors, batteries could be either air cooled or liquid 

cooled. The application of the cooling system depends on vehicle system design and 

control strategies. 

  

2.6 Hybrid Electric Vehicle with Hydrogen IC Engine  

 Ford developed a hydrogen engine propelled hybrid electric concept vehicle that 

was unveiled and driven at Ford’s Centennial Show in June 2003. This vehicle is an 

industry first that demonstrates the concept and the marriage of a HEV powertrain with a 

hydrogen IC engine that propels the vehicle. The vehicle powertrain includes compressed 

gaseous hydrogen as fuel, a supercharged, intercooled and optimized 2.3L IC engine, a 

25 kW traction motor, an electric converterless transmission, regenerative braking, 

advanced lithium ion battery, vehicle system controller, etc. The vehicle could achieve a 
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fuel economy of 45 mpg and near zero emissions without compromising performance. 

Active and passive venting in the vehicle is provided to vent any hydrogen that might 

tend to leak and accumulate in different regions of the vehicle. Well-to-Wheels studies 

have conducted to show the full parallel hybrid is preferred to minimize CO2 [24].  

 The Ford concept car, although small, indicates that the combination of hydrogen 

and hybrid technology can result in superior performance and reductions in emissions. 

Whether this holds true for larger vehicles is in question, and there are no details on the 

development and control of this concept car to assure that it can even be reproduced.  
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CHAPTER III 

HYDROGEN POWERED HEV SUV DEVELOPMENT 

 

The objective of this research is determine if an SUV can be converted into a 

hydrogen fueled HEV with the same basic performance characteristics and significantly 

reduced emissions. In this case, a stock 2002 Ford Explorer platform was used.  

One of the advantages of a parallel configuration HEV is to be able to reduce the 

size of the IC engine. This can improve the efficiency of the vehicle and reduce 

emissions. With this in mind, the IC engine selected for this project was a modified 1988 

Ford SVO 2.3L 4-cylinder gasoline engine. This engine is readily available, and off-the-

shelf technology can be used to increase efficiency and torque as well as decrease 

emissions. 

 

3.1 Hydrogen IC Engine Development for HEV SUV  

 

3.1.1 Thermodynamic Efficiency 

The overall indicated thermal efficiency of a hydrogen engine is normally higher 

than that of a gasoline engine. The reason is theoretically indicated in Equation 3.1: 

                                    1)/1(1 −−= γη r  ,                                                        (3.1) 

where r  is the compression ratio (CR),  γ  is the ratio of specific heats and η  is the 

efficiency. Increasing either the compression ratio or the specific heat can improve 

engine efficiency. A large CR can be used for hydrogen engines because the self-ignition 



 19 

temperature of hydrogen is very high [25]. However, the best CR is a compromise 

between thermal efficiency and pre-ignition, friction, engine durability and other factors. 

Therefore, the engine CR was increased from 9.5:1 to 12.6:1 to improve efficiency. The 

engine is also operated with a lean mixture, which has higher specific heat ratios and 

lower burnt gases as the temperature of the burnt hydrogen can be lowered, resulting in 

higher specific heat ratios. 

  

3.1.2 Fuel Injector Development 

 Four general fuel delivery systems could be used in hydrogen engines: 

carburetion, inlet manifold injection, inlet port injection, and direct cylinder injection. 

Intake port fuel injection (PFI) was adopted in the engine because it provides better 

cylinder fuel distribution and minimizes the effects of backflash. The stock gasoline fuel 

injectors were replaced with hydrogen fuel injectors as hydrogen is a very dry gas and 

requires special injectors to withstand the low lubricity of hydrogen. The injectors 

operate at 80 psig, while most gasoline injectors operate in a range of 20 to 40 psig. 

 

3.1.3 Supercharger and Heat Exchanger 

The low energy density per unit volume of hydrogen results in low volumetric 

efficiency for a hydrogen engine. The expanded hydrogen in the intake manifold 

displaces air that is required for combustion. Despite more energy density on a mass basis 

(high heating value) for hydrogen, the power output of a hydrogen engine is still much 

lower than that of gasoline engine of the same size. To overcome this defect, a centrifugal 
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supercharger was utilized to enhance volumetric efficiency by boosting more air into the 

combustion chamber.  

The supercharger uses engine oil for lubrication instead of having a self contained 

lubrication unit. To ensure the maximum oil inlet temperature does not exceed 80oC an 

air-to-air heat exchanger was installed upstream of the supercharger oil inlet. 

 

3.1.4 Intercooler and Water Injection 

 Studies show that a supercharger drastically increases air temperature as described 

by Equation 3.2 [9]. Intercooling was therefore used to reduce the inlet charge 

temperature.  
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where outT  is the absolute temperature of the supercharger, inT  is the absolute temperature 

into the supercharger, vη  is the supercharger adiabatic efficiency, r  is ratio of specific 

heats (1.4 for air), and 12 / pp  is the pressure ratio. For example, if the inlet temperature 

is 25o C, the resulting output temperature from supercharger can be 110o C [9]. The 

increased temperature raises the possibility of pre-ignition and backflash. To mitigate the 

impact of the increased temperature, an air-to-air intercooler was added. 

The compressed air also was cooled as it passed through the heat exchanger. To 

further reduce the risk of backflash and pre-ignition caused by hot air, a water injection 

system was implemented in the intake plenum just after the throttle body. Aside from 
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reducing the air temperature considerably and improving engine performance, vaporized 

water lowers the temperature of the combustion product. Hence, the emissions are 

decreased especially for NOx, which is of considerable concern in a hydrogen engine. 

The block diagrams of supercharger, intercooler and water injection are shown in 

Appendix A.1.  

 

3.1.5 Other Engine Modification 

 In summary, the modified engine is different from the factory built gasoline 

engine. The engine was bored 0.762 mm more than the stock size (96.0374 mm) to make 

sure the cylinder walls were clean and free from imperfections. A larger bore also 

increased thermal efficiency. A larger set of piston rings was installed to prevent blow by. 

The cylinder head was changed from a cast iron head to an aluminum head. To reduce 

pre-ignition, heat must be removed from the combustion chamber. The aluminum head 

provides better heat transfer than the cast iron head does and therefore provides the 

potential to reduce combustion chamber temperature. The engine received other hardware 

modification such as an aftermarket camshaft pulley, cold non-platinum spark plugs, and 

flat top pistons replacing the dished ones. Its specifications are listed in Table 3.1. The 

hydrogen engine and its accessories beneath the hood are shown in Figure 3.1.  
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Figure 3.1 Engine and Accessories beneath the Hood 

  

 Table 3.1 Specifications of Hydrogen Engine 

Engine Type Hydrogen Engine with 
Supercharger 

Stock Engine 

Bore and Stroke 96.78 mm x 79.4 mm 96.0374 mm x 79.4 mm 
Displacement 2.34L 2.34L 

Number of Cylinders 4 4 
Number of Valves 8 8 

Block  Cast Iron  Cast Iron 
Cylinder Head Aluminum Cast Iron 

Compression Ratio 12.6:1 9.5:1 
Valve Timing Advanced 3o Advanced 3o 
Valve Overlap -53.7o Crank Angle (CA) -53.7o Crank Angle (CA) 

Intake/Exhaust Valve 
Duration 

Intake 202.5o CA 
Exhaust 205.3 o CA 

Intake 202.5o CA 
Exhaust 205.3 o CA 
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3.2 Vehicle Subsystems 

To meet the design requirements, component selection and sizing were conducted 

which included electric motor, energy storage system, transmission, sub system, etc. The 

following paragraphs documents the decisions and process for choosing or rejecting the 

specific components for the architecture.  

 

3.2.1 Electric Motor 

The electric propulsion system is one of the most important parts of a hybrid 

electric vehicle. The electric motor is the heart of the system. Recently, technological 

developments have pushed electric motors to a new era, leading to advantages of higher 

efficiency, higher power density, lower operating cost, more reliability, and lower 

maintenance. Motors for HEVs can be DC motors, induction motors, permanent magnet 

(PM) motors, or switched reluctance (SR) motors. Table 3.2 compares the different types 

of motors on a point grading system [5]. The grading system consists of six major 

characteristics, and each of them is graded from one to five points, where five points is 

best. From Table 3.2, it can be concluded that induction motors and PM motors are the 

more promising for HEV applications. 

Although a PM motor is desirable for a HEV, its high cost for large rare earth 

magnets is a deterrent [21]. PM motors also tend to have a short constant torque range 

with respect to motor speed. Vehicle traction applications usually require the motor to 

have a larger power rating to meet the acceleration and gradeability requirement with a 

single gear reduction. Therefore, the induction motor is preferred to the PM motor in this 
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application. Its constant torque at low and medium speed and durability warrant its choice 

for this vehicle. An induction motor from Solectria Motor Corp. was selected with 78 kW 

peak / 34 kW continuous power and 240 Nm peak / 55 Nm continuous torque. The motor 

peak efficiency is 93%, and the operation voltage of the motor is 300 V DC.  

 
Table 3.2 Evaluation of Motors for HEV 

 DC motor Induction 
Motor PM motor SR motor 

Power density 2.5 3.5 5 3.5 
Efficiency 2.5 3.5 5 3.5 

Controllability 5 5 4 3 
Reliability 3 5 4 5 
Maturity 5 5 4 4 

Cost 4 5 3 4 
Total 22 26 25 23 

 

 The advanced technology IGBT (insulated gate bipolar transistors) based motor 

controller is actually a bidirectional converter/inverter, which means it is multifunction 

— during normal operation it provides AC power to the motor from the batteries DC 

voltage, while during regenerative braking it acts as charge converter to convert AC to 

DC so that the batteries can be recharged.  The motor controller is also from Solectria 

Motor Corp., and it matches the power rating of electrical motor with 96-98% efficiency. 

 

3.2.2 Battery 

 The performance, life cycle, and safety of hybrid electric vehicles depend strongly 

on the vehicle’s energy storage system. Based on modern technologies, chemical 

batteries predominate in HEVs as energy storage. Ultracapacitors and flywheel systems 
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have not replaced batteries because batteries offer mature technology, easy maintenance, 

high energy density and low cost [27]. Commercial batteries in the market for the HEV 

include Lead–Acid, NiCd, NiMH, and Li–ion types. Some of their important parameters 

are compared in Table 3.3 [5, 26–27]. Figure 3.2 shows the energy density of various 

batteries. 

 
Table 3.3 Parameters of HEV Batteries 

 Lead–Acid NiCd NiMH Li–ion 
Specific Energya (Wh/kg) ~30 40–60 60–70 90–130 
Energy Densitya (Wh/dm3) ~90 80–110 130–170 220–260 

Specific Powerb (W/kg) ~200 150–350 150–300 250–450 
Cycle Lifeb (Cycles) ~200 600–1200 600–1200 800–1200 

Toxic Materials Yes Yes No No 
Maintenance Yes Yes No No 

Individual Cell Voltage (V) 2 1.25 1.25 3.6 
Self Discharge (per month) NA 20% 30% 10% 

a At C/3 rate       b At 80% DOD 
 

 

Figure 3.2 Batteries Energy Density (Wh/dm3) 
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On the basis of the above comparison, the nickel metal hybrid (NiMH) or lithium 

ion (Li–ion) batteries are preferred to traditional lead–acid and nickel cadmium (NiCd) 

batteries for reasons of energy density, power density, and power output at low state of 

charge. NiMH and Li–ion batteries are able to accept the high peak power levels 

associated with regenerative braking and are easier to package in the vehicle. Currently, 

Li–ion batteries are much more expensive than NiMH batteries. In addition, NiMH 

batteries are more desirable from the standpoint of their inherent internal charge 

balancing and low temperature performance [28]. 

In sizing the battery for an HEV, the required peak power of the battery is of great 

concern. It must be able to handle regenerative braking and peak power demands from 

the traction motor. A higher voltage battery pack can lower the power consumption of 

wires, connectors and loads due to the lower current required. NiMH batteries were 

chosen for their mature technology, reasonable price, relatively smaller size for 

packaging and abundant technical information. Two Toyota NiMH battery packs were 

used in parallel to increase battery capacity. Each individual battery pack is composed of 

38 battery modules containing 6 individual NiMH cells, making a total of 228 cells per 

pack, as each provides 1.2V. One pack has a capacity of 6.5 Ampere-hour (Ah) with two 

in parallel giving 13 Ah. 
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3.2.3 Transmission 

The transmission and differential gear ratios greatly influence fuel economy and 

emissions because they determine operating speeds and loads on the engine. Gear shifting 

logic must be based on vehicle status information such as input shaft speed, current gear 

position, vehicle load and driver pedal command. Automatic transmissions, manual 

transmissions and continuously–variable transmissions are all available for use in HEVs. 

A hydraulically controlled automatic transmission, Ford A4LD, was used because of its 

availability, popular consumer acceptability, and compatibility with a Ford engine. The 

gear ratio is 2.74, 1.74, 1, 0.75 for first, second, third and forth gears, respectively. 

  

3.2.4 Fuel Storage and Delivery System 

The stock fuel storage and delivery system for gasoline was replaced by two high 

pressure tanks with a custom built delivery system. Each tank is approximately 48.5 cm 

in diameter and 73.66 cm long. Each tank has a nominal operating pressure of 34.5x106 

Pa (5000 psig).  

The ancillary system includes a pressure regulator to reduce the pressure from the 

tank to the engine, a pressure gauge at the inlet of the engine, a manual shutoff valve, an 

electric shutoff solenoid, pressure relief valves (PRV), a refueling port, a de-fueling port, 

and a hydrogen flow meter. A diagram of the complete fuel system is shown in Figure 

3.3, where P is the pressure sensor, T is the temperature sensor, and the green solid 

circles denote hydrogen gas detectors. 
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Figure 3.3 Hydrogen Storage and Delivery System (Solid circles denote hydrogen 
detector sensors) 

 

3.3 Vehicle Powertrain Configuration 

A parallel hybrid electric vehicle has some advantages over a series hybrid 

vehicle with fewer propulsion devices (no generator needed) and smaller size engine and 

motor. Therefore, the stock Explorer was converted into a hydrogen powered, rear-wheel 

drive, post-transmission, parallel HEV. The component configuration is shown in Figure 
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3.4. The hydrogen engine is connected to a 4-speed automatic transmission through a 

torque converter. The 3-phase induction electric motor is directly coupled, inline, with 

the driveshaft. The engine and electric motor both transfer power to the driveshaft 

without the requirement of a torque coupling device. As the motor torque is directly 

added to the driveshaft after transmission but before differential, higher system efficiency 

and faster torque response are obtained if compared with a pre-transmission architecture. 

The energy storage system includes two 273 V, NiMH battery packs from Toyota 

connected in parallel, with a total capacity of 13 Ah. Each individual battery pack is 

constructed of 38 battery modules containing 6 individual NiMH cells, making a total of 

228 cells per pack. These cells provide a nominal voltage of 1.2 V each. NiMH batteries 

were chosen for their cost effectiveness, high energy density, and good performance. The 

IGBT based motor inverter/controller converts the DC battery voltage to three phase AC 

voltage to drive the electric motor or changes AC to DC to charge the battery packs. 

The chassis and body of the baseline Explorer were modified only minimally for 

installation and packaging. There were no changes to major chassis systems such as 

brakes, wheels and tires. No modifications were done to the main body system -- power 

locks, power windows, lights, etc. Safety systems were also kept in the original state, 

such as ABS (Anti-Brake System) and air bag systems. The basic specifications of the 

vehicle are presented in Table 3.4.  
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Figure 3.4 Vehicle Component Configuration 

 

Table 3.4 Basic Vehicle Specification 

Engine Hydrogen Fueled, 60 kW 

Electric Motor 
Power: 34 kW (Rated) / 75 kW (Peak) 

Torque: 120 Nm (Rated) / 250 Nm (Peak) 
Air Cool 

Inverter/Controller 
Max. Current: 280 A, Air Cool 
Operational Range: 100-400 V  

Transmission 
4-Speed, Automatic, Hydraulically Controlled 

Gear Ratio: 2.74/1.47/1/0.75 

Battery Packs 
2 NiMH Type Batteries, Air Cool 

Nominal Voltage: 272 V 
Capacity: 6.5 Ah / each @ C/3 

Differential Ratio 5.17: 1 
Vehicle Weight 2200 kg 
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3.4 Safety 

Safety was of paramount importance during vehicle development and packaging 

the hydrogen fuel system and the high voltage system.  

Hydrogen is a gaseous, colorless, odorless and lighter-than-air gas. It diffuses 

rapidly and seeks the highest collection point. Hydrogen detector sensors were 

strategically placed in multiple locations, as shown in Figure 3.3 with solid circles, to 

give an early indication of any hydrogen leak, and a vent was opened in the roof to 

release any leaked hydrogen. Also shown in Figure 3.3 are several valves and solenoids 

which were installed for safety purposes.  

The high voltage system can be isolated from battery packs by two methods: the 

emergency disconnect switch (EDS) or the manual isolation switch. The EDS is used in 

case of emergency or to de-energize the vehicle when it is not in use to minimize the 

exposure to high voltage. The purpose of the MIS is to lock out the high voltage system 

in a completely fail-safe manner while any sort of service is on the vehicle. 

All high-voltage systems (>50 V) must be electrically isolated from the vehicle 

chassis or any other exposed component. Components requiring isolation include not 

only the main high voltage leads, but also high-voltage, low-current leads such as those 

for the fuse box and the chassis of the motor. To prevent electrical shock, one instrument 

named the Ground Fault Detector was equipped to monitor the isolation between the high 

voltage source and chassis ground.  
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3.5 Vehicle Simulation 

Simulation plays a very important role in during the period of the vehicle 

development. It helps the designers understand the effects of powertrain design on overall 

vehicle system behavior, analyze component sizing, quantify benefits, and explore 

options and new configurations as well as analytical and meticulous studies on its 

feasible design domain.  

Powertrain System Analysis Toolkit (PSAT), developed by the Partnership for a 

New Generation of Vehicles (PNGV) and maintained by Argonne National Laboratory, is 

a powerful modeling tool that allows users to realistically evaluate not only fuel 

consumption but also vehicle performance. The PNGV, a historic public/private 

partnership between the U.S. government and the automotive manufacturers, was 

established to develop an environmentally friendly car to increase the fuel efficiency of 

vehicles. 

 

3.5.1 PSAT Simulation Software   

PSAT operates within the Matlab/Simulink environment. It is a forward-looking 

model, which employs a virtual driver that compares the trace speed and the actual 

vehicle speed and controls the vehicle with a torque input. This method of modeling is 

closer to the operation of a real vehicle. Information flows from the driver requirements 

through the powertrain to calculate outputs. PSAT allows users to create a range of 

powertrain configurations, such as conventional vehicles, HEVs, fuel cell vehicles, etc. It 

also allows users to choose or alter existing component parameters as well as vehicle 
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driving cycles. All the selections can be completed via a friendly Graphical User 

Interface (GUI) for easy use. Figure 3.5 shows the vehicle powertrain selection interface.  

 

 

Figure 3.5 PSAT Powertrain Selection Interface 

 

 After the simulation has been fully configured, PSAT creates a hybrid vehicle 

powertrain schematic, which is shown in Figure 3.6. The main block diagram for the 

PSAT model of the HEV includes the controller and component models. In Figure 3.6, 

Section A indicates the driver model; Section B indicates the vehicle controller; Section 

C indicates the component controller; Section D indicates the component models.  
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Figure 3.6 Main Block Diagram for PSAT HEV Models 

 

3.5.2 Model Development   

The purpose of the simulation is to verify 1) the selected components can work 

cooperatively in the vehicle environment; and 2) the designed HEV can meet the design 

objective and has higher gas mileage than that of the original Explorer without sacrificing 

vehicle performance.  

Any vehicle model in PSAT includes two main elements: the controlling block 

diagram and the vehicle and component input data. Therefore, aside from the original 

PSAT component models and parameters, several initialization files and component 

models were developed to better represent the vehicle according to the data of the 

selected components in Table 3.4. The PSAT component models are based on a set of 
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lookup methods. The models predict the performance of the individual components. Only 

the data set that populates the model determines which technology is characterized. 

The battery pack Rint model is modeled as a charge reservoir with an equivalent 

circuit that is an open circuit source Voc in series with an internal resistor R that depends 

on the state of charge (SOC) and the direction of the current, as shown in Figure 3.7. The 

Rint model was originally developed for a Lead-acid battery [44]. As PSAT lacks the 

model of multiple battery packs used in parallel, some modification is necessary. When 

two packs used by AVEL are connected together in parallel in the truck, they give a total 

capacity of 13 Ah, and the internal resistance is half that of the pack. As the internal 

resistance halves, the current also doubles while the battery power loss doubles. These 

changes were implemented by adding Gain blocks in the model. In addition, from the 

manufactory’s data a new battery open circuit voltage map was created in the 

initialization file of PSAT (indexed by battery State of Charge and temperature): 

ess_voc_map = … 
[0.98  1.16  1.19  1.21  1.23  1.38; … 
 1.00  1.18  1.21  1.23  1.25  1.4; … 
 1.00  1.18  1.21  1.23  1.25  1.4…]; 

 

Similarly, other lookup tables, such as the battery open circuit voltage map vs. 

SOC and discharge rate, were incorporated into the initialization file. 
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Figure 3.7 PSAT Battery Model 

 

According to the datasheet of the Solectria motor and motor controller, the motor 

maps were modified for the peak/continuous requirements and motor energy losses. The 

continuous torque map (N*m) is modified as: 

mc_trq_cont_map = [123.6, 123.6, 75.9, 50.3, 25.9], indexed by the speed vector, 

mc_spd_cont_index = [0.00, 0.25, 0.4, 0.6, 0.8]*8500* motor_base_speed.  

The motor loss data calculated from efficiencies is converted to losses in watts. The 

motor efficiency is a function of engine torque and speed. The Solectria motor efficiency 

is shown as: 

mc_eff_trq_map = … …  

[0.00, 0.00,0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00;…     

 0.00, 0.84, 0.85, 0.86, 0.87, 0.88, 0.89, 0.90, 0.89, 0.89, 0.88, 0.88, 0.87, 0.87, 0.86, 0.86; ... 

 0.00, 0.88, 0.89, 0.90, 0.91, 0.92, 0.93, 0.93, 0.92, 0.92, 0.92, 0.92, 0.91, 0.91, 0.91, 0.91; ... 

 0.00, 0.88, 0.89, 0.90, 0.91, 0.92, 0.92, 0.91, 0.90, 0.89, 0.88, 0.87, 0.86, 0.85, 0.84, 0.83; ... 

 0.00, 0.84, 0.86, 0.88, 0.90, 0.90, 0.89, 0.88, 0.87,0.86, 0.85, 0.84, 0.83, 0.82, 0.81, 0.80], 

The motor model was also modified by adding the torque limits as the torque of the 

Solectria AC induction motor is a linear function of input voltage. 
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 A lack of hydrogen engine information required that the engine torque maps were 

scaled from a smaller size hydrogen engine. The transmission gear ratio and the final 

drive ratio were also modified. The initial controller used the default PSAT control 

strategy. 

 

3.5.3 Simulation Results and Analysis   

 The vehicle performance was simulated via PSAT using the Urban Dynamometer 

Driving Schedule (UDDS) driving cycle, also named Federal Urban Driving Schedule 

(FUDS). Figure 3.8 presents the respective vehicle performance results. The vehicle 

speed tracks the demand reasonably well (the red curve is desired vehicle speed and the 

blue one is the simulated speed). The engine is off, and the motor is the propulsion source 

when the load is small. The battery SOC is maintained in a small range from being 

depleted or overcharged. 
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Figure 3.8 Simulation Results 

 

 More simulations were conducted for both HEV and the conventional Explorer in 

four different driving cycles. Table 3.5 shows the fuel economy of the two vehicles in 

these driving cycles. Data in the table indicts that the HEV has greatly improved fuel 

economy, especially in the local driving cycle, such as wuv_city. It is estimated that 

emissions of CO and HC for the hydrogen IC engine is nearly zero, and NOx can be 

controlled below 0.2 g/mile. Therefore, the hydrogen powered, parallel HEV design can 

compete with the conventional vehicle performance with better fuel efficiency and less 

emissions. 
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Table 3.5 Comparison between Hydrogen HEV and Conventional Explorer  

Driving Cycles 

 comm fuds wuv_city fhds 
HEV 30.52 25.5 18.73 32.75 

Explorer 26.98 20 10.37 29.58 MPG 
Improvement 13% 27.50% 80.62% 10.72% 
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CHAPTER IV 

VEHICLE CONTROL SYSTEM DEVELOPMENT 

 

The vehicle control system is an integrated system that is composed of many sub-

systems, such as engine, electric motor, battery, brakes, fuel, etc. Each sub-system is also 

a complete system and has its own desired functionality and performance. Some sub-

systems have their own controllers, while some do not. However, almost every sub-

system has sensors and actuators that are operated by either an original equipment 

manufacture (OEM) controller or a custom built controller. In addition, all the sub-

systems in the vehicle must be coordinated to achieve better fuel economy, fewer 

emissions and good performance. Therefore, the control system plays a very important 

role in the implementation of hybrid powertrain to achieve multiple objectives [29]. 

 

4.1 Control System Architecture 

The basic structure of the control architecture in the prototype hydrogen fueled 

hybrid Explorer is shown in Figure 4.1. Figure in Appendix A.1 shows the complete 

schematic of the vehicle powertrain control system architecture. The function of central 

controller is to control the operation of the hybrid system through input and output 

signals, manage communication with sub-system controllers, and monitor other system 

status. According to the driver’s command and current status of the sub-systems, the 

central controller sends proper signals either to the controllers or the individual 
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component to perform certain operations. After the sub-system controller receives a 

command, it sends signals to the corresponding device.   

 

 

Figure 4.1 Control System Architecture 

 

4.2 Engine Control Development 

 Control techniques for a hydrogen engine remain similar to that of a gasoline 

spark ignition (SI) engine. However, due to the chemical and combustion properties of 

hydrogen, a hydrogen engine needs more accurate control to assure the engine reaches 

maximum horsepower and runs at its most efficient points [7]. 
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4.2.1 Emission Control 

 Products created by the combustion of hydrogen include water and heat. Oxides 

of nitrogen may also form as a result of temperatures exceeding 14800 C. NOx is 

considered hazardous as it causes respiratory problems and is a precursor to ozone.  

Research shows that NOx is heavily dependent on fuel air ratio (equivalence ratio), 

which is defined as a percentage of the stoichiometric ratio [9]. The stoichiometric air 

fuel ratio of hydrogen is 34.2:1, while the equivalence ratio for this hydrogen engine is 

set to about 0.5, which results in an air fuel ratio about 68:1. The characteristics of a low 

flashpoint and wide flammability range of hydrogen make it possible to run such lean 

mixtures. The reason for operating the engine lean is to reduce the amount of NOx 

emission and prevent pre-ignition. As the equivalence ratio exceeds 0.5 to make more 

power, NOx concentration increases drastically.      

 

4.2.2 Fuel Injection Duration and Timing Control 

 Sequential injection is applied using PFI, which means that fuel is injected one 

cylinder at a time only when the intake valve is open. The reason for using sequential 

injection other than group injection is that hydrogen is much lighter than air. It would not 

stand and wait for the intake valve to open but would rather rise and disperse in the intake 

manifold. During the period the intake valve is open, the vacuum pulls the hydrogen 

directly into the combustion chamber. 

Like most spark ignition engines, fuel injection timing and duration are based 

primarily on engine load and speed. Engine dynamometer and chassis dynamometer tests 
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were used to develop a custom fuel injection duration map for the hydrogen engine. The 

map is shown in Figure 4.2, where the x-axis is engine speed in RPM (Revolutions per 

Minute), and the y-axis is engine load interpreted by the ratio of engine Manifold Air 

Pressure (MAP) and Barometric Air Pressure (BAP). The z-axis is the duty cycle of the 

injector base pulse width. The map also includes compensation for the increase in fuel 

caused by boosted air.   

 

 

Figure 4.2 Hydrogen Fuel Injection Map 

 

Hydrogen injection timing is also crucial and occurs after the exhaust valve 

closes. If hydrogen is injected during the overlap period, unburned hydrogen has the 

possibility of flowing through the exhaust and causing backfire. The hydrogen was 

injected during the forward flow of air into the cylinder in the intake stroke to control 

backflash. According to the above theory and the dynamometer tests, the most desired 



 44 

time of injection was set to 240o - 280o before top dead center (BTDC) in the 

compression stroke. Furthermore, due to the fast flame speed of hydrogen, which is three 

times the speed of gasoline, ignition timing needs exact control to prevent knock.  

 

4.2.3 Ignition Timing Control 

 The fast flame speed of hydrogen results in retarded engine ignition timing. The 

timing usually occurs near top dead center (TDC). If the ignition takes place too early, 

very high pressure is produced in the combustion chamber and brings on knock. Retarded 

spark can reduce the temperature in the chamber and better use the engine inertia. Low 

temperatures avoid pre-ignition. Using the engine inertia to push the piston past TDC and 

then sparking makes the engine more efficient and more powerful. As engine speed 

increases, small amounts of advance timing are also needed to compensate for the flame 

speed and combustion process.  

Based on dynamometer tests, a map, shown in Figure 4.3, was developed for the 

hydrogen engine timing operation. The degree of timing was also indexed by engine 

speed and load. 
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Figure 4.3 Ignition Timing Map 

 

4.2.4 Engine Control Scheme 

The injection and ignition timing is performed relative to the angular position of 

the engine. For this particular 2.3L 4-stroke engine, 12 teeth on the crank (ref) with the 

teeth spaced 15° apart and one tooth on the cam (sync) provide the engine speed and 

position. Timing for injection and spark are referenced from top dead center (TDC) on 

the compression stroke. The four engine cycles are shown in Figure 4.4, along with the 

injection timing window and spark timing window. Exhaust valve closing and opening 

times are denoted by EVC and EVO, bottom dead center is indicated by BDC, and intake 

valve closing and opening times are denoted by IVC and IVO. 
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Figure 4.4 Four Engine Cycles with Reference 

 

Figure 4.5 shows the inputs and outputs of the engine control unit (ECU). There 

are seven major inputs into the engine control unit (ECU). The crank shaft and cam shaft 

sensors determine at what speed the engine is turning and which cycle the engine is 

currently running, respectively. The throttle position sensor (TPS) is used to determine 

what the throttle position is doing to reflect the driver’s intention. Manifold absolute 

pressure (MAP) and barometric absolute pressure (BAP) are used to calculate the load 

the engine is under. The air temperature sensor determines the temperature of the air 

entering the engine. The engine temperature sensor is used to determine the operating 

temperature of the engine. Using only the TPS to determine load does not accurately 

represent the actual engine load but merely the load which the driver demands. A more 
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accurate calculation of the engine load is to use the MAP and BAP because engine load is 

determined by the amount of vacuum being pulled within the intake manifold.  According 

to the inputs, four fuel injector signals and four ignition signals are produced to control 

each cylinder separately and sequentially. Figure 4.6 shows the engine control flowchart. 

The pressure sensor, temperature sensor and oxygen sensor reading are treated as 

feedback to adjust the main injection and ignition tables. 

 

 

Figure 4.5 Engine Control Unit Inputs and Outputs 
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Figure 4.6 Engine Control Flowchart 

 

According to the input signals, the ECU generates appropriate injection and 

ignition signals. The relationship of the inputs and outputs are often difficult or even 

impossible to describe by mathematical equations. Therefore, a large number of lookup 

tables are used to determine the pulse width and timing. If the inputs (for example, engine 

RPM and engine load) correspond exactly to a point in the table, then the table value for 

this point is used. If the engine RPM and engine load do not correspond exactly to a point 

in the table then the values of the four closest points are mathematically interpolated to 

arrive at an appropriate value depending on how close the current RPM and efficiency are 

to the different points.   
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4.3 Battery Monitoring System 

NiMH batteries are volatile and should be monitored continuously during 

charging and discharging. Cells can reverse polarity if allowed to discharge deeply. If the 

batteries are overcharged, they may go into thermal runaway conditions that result in the 

venting of gases and probable destruction of the pack. Cell voltage temperature is also 

used to stop charging the battery if the temperature increases to 65o C or if the rate of 

increase is higher than 1o C/min. An undesirable temperature environment can reduce 

life, cause imbalances among cells, and even damage the batteries. As the battery pack 

generates more thermal energy in its charging process than in discharging, only the 

charging rate need be closely monitored to avoid generating too much thermal energy. 

A battery monitoring system was built based on National Instrument (NI) 

compact FieldPoint (cFP) units, which include two 4-slot cFP-2000 systems with four 

cFP-AI-102 Analog Input Modules. As each cFP system has four high voltage modules, 

the battery pack is divided into four separate sections. Each section has eight voltage 

measurements corresponding to the eight channels available on one module. A diagram 

of the battery pack is shown in Figure 4.7, where it can easily be seen where the battery is 

divided into four sections. The number scheme on the Figure is determined as: Module 

Number - Channel Number - Twist-Lock PIN Number. Each section has one reference 

point, where a section is comprised of a set of battery modules. Isolation between 

individual battery modules and the reference point is achieved by opto-isolation inside 

the Module. Each battery section is isolated between each FieldPoint module through the 

back-plane of the FieldPoint system [56]. The units measure module voltages and 
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transmit the information to the central controller. Figure 4.8 shows the connection 

between cFP and battery pack. 

Battery temperature changes are also monitored by 5 thermistors within each 

battery pack. Four of the thermistors are placed inside individual modules; the fifth 

thermistor is at the outlet of the pack cooling duct, monitoring air temperature. These 

devices function by providing variable resistance which vary in proportion to 

temperature. The curves of thermistor resistance versus battery pack temperature were 

tested in the author’s previous work [57]. Applying numerical interpolation methods, the 

relationship between the resistance and temperature is approximately established in the 

Equation 4.1, 

42.34977.98696.14089.10387.00005.0 2345 +−+−+−= xxxxxy              (4.1) 

where y is the temperature of the thermistor and x is the resistance of the thermistor.  
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Figure 4.7 Battery Pack Diagram and Connections 
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 Figure 4.8 Connection between cFP and Battery Pack  

 

 The battery monitoring system sends cell voltages every one second and 

temperature readings to the central controllers. If any cell voltage drops to a potentially 

damaging voltage level, or the temperature increases to an upper threshold, or the rate of 

temperature change is too high, the central controller automatically prevents further 

battery usage by lowering the charge or discharge current, even shutting down the high 

voltage relays to disconnect the use of the battery.  The battery protection ensures the 

safest solution for the end user.  

 

4.4 Communication of Control System 

Normally the central controller carries out the vehicle powertrain control issues, 

while sub-system controllers achieve classical regulating/tracking control problem [29]. 

However, in this hydrogen fueled vehicle, some systems did not have their own 
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controllers, such as the fuel system. The central controller is used to implement some 

functions that sub-system controllers might normally implement, as shown in Figure 4.1.   

The central controller is composed of a NI PXI-8170RT controller and a NI 

compact FieldPoint (cFP) cFP-2020 unit. The PXI controller is in a PXI-1000B chassis, 

with the other peripheral components in a real-time processing mode to accomplish all 

the data acquisition, signal processing, communication and control for the whole vehicle. 

The cFP unit is responsible for relatively low level, non-time critical control such as fuel 

storage and delivery management, battery health, and hydrogen safety. The PXI has a 

higher operating speed and is used to process high level signals (e.g. speed and power) 

and complex operations such as the powertrain control algorithm implementation.  

An in-vehicle communication network and distribution management system was 

developed to reduce the number of connection points and thereby increase the reliability 

of execution. The communication architecture for the controllers consisted of different 

types of communication buses, providing different functionality and availability. The 

information between the central controller and engine and motor controller was through a 

serial port protocol. The communication among the NI products (PXI and cFP units) was 

built with a high speed TCP/IP protocol in a client/sever mode, because of its high 

efficiency and the ability to communicate with out-of-vehicle devices. Besides the 

TCP/IP protocol, series RS-232 protocol is also used to communicate programmatically 

between the central control system and components such as motor controller and energy 

meter (E-meter). Figure 4.9 shows the in-vehicle network. 
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Figure 4.9 In-Vehicle Network 

 

4.5 Powertrain Control Strategy 

To accomplish the desired performance, the powertrain control strategy should 

optimize the operation of the energy conversion and storage devices. Research has been 

conducted on the development of parallel HEV control strategies. However, some of 

these results are not effective in real driving conditions because the methods either need a 

lot of computation time or they require knowing the future speed and loading profiles of 

the vehicle [29, 30]. Also, the competitive objectives (e.g. fuel economy vs. emissions, 

fuel economy vs. driving performance) and system restrictions such as control authority, 

component capability and communication limitation result in tradeoffs in the algorithm 

implementation [31, 32]. To design a practical and fast response controller, a rule based 
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control strategy was developed on the basis of engineering intuition, model analysis of 

components [33], vehicle simulation, and dynamometer testing [50 – 55]. It includes a 

power management strategy (motor assistance and regenerative braking), transmission 

shift logic, and system fault diagnostics. 

 

4.5.1 Powertrain Management Strategy 

 For the parallel hybrid, the engine operating speeds are associated with wheel 

speeds. It is therefore almost impossible to operate the engine always in its optimal area 

because the operation can neither meet diver’s demand nor keep battery SOC. The 

electric motor, thereby, acts as a “buffer” to adjust the engine to be operated near the 

optimal area. If power request from vehicle is low, in a conventional vehicle the engine 

must run at a point away from the optimal area. In a HEV, the battery becomes an extra 

load to the engine to increase the engine operating point close to the optimal area. In this 

period, the battery is charged through the generator, while the charging current is 

dependent on the SOC and current engine operating point. Generally, the lower battery 

SOC, the more negative torque is added to the engine. However, if the demand is very 

high, such as fast acceleration or climbing a steep hill, the engine can still be operated 

near the efficient area with the motor providing extra assisting torque. In this case, the 

higher the SOC, the more power the battery can provide. In accordance with the power 

request signal from either the accelerator pedal or brake pedal, the control strategy 

determines the power flow in the hybrid powertrain. Similar to the Honda Insight strategy 
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[33], five operations or modes are defined as engine start, acceleration mode, cruising 

mode, deceleration mode and stationary mode.    

 

4.5.1.1 Engine Start 

Similar to a conventional vehicle, the driver must turn the key to the start position to 

start the engine by a regular starter. For the post-transmission architecture, the engine can 

not be started by the traction motor as the transmission exists between these two devices. 

The starter/alternator combination is another potential choice, but at the time being it is 

mostly based on 42V system, which is not considered in this application. The reason is 

that three voltage levels (12V, 42V and 300V) in a vehicle together would complicate the 

system design more than the benefit received.  

 

4.5.1.2 Acceleration Mode 

 Instead of using an electronically controlled throttle, the accelerator pedal is 

directly connected to the engine throttle through a cable. The electric motor provides an 

extra-boost to assist vehicle acceleration in a transient period of high load. The electric 

motor is not on unless the IC engine is under high load. Based on engine speed and load, 

a pre-selected “Motor On” power line is set up, as shown in Figure 4.10. If the power 

request is higher than the power line, the electric motor provides extra power. The added 

power from the motor is controlled by the driver by backing off the accelerator pedal. 

Consequently, the driver acts as the controller. 
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Figure 4.10 Rule Based Power Management 

 

The ratio of MAP and BAP are used to approximately indicate engine load. The 

amount of power assistance from the motor is calculated through a pre-defined 2-

dimensional look-up table, which is indexed by engine load and speed. Some researchers 

have indicated that to improve fuel efficiency in a gasoline powered HEV, only the 

electric motor should provide power when the power request is low [34]. This strategy 

does not provide much benefit to a hydrogen HEV because the fuel efficiency and 

emissions of the hydrogen engine are still good under light load [10]. Our simulation 

results and research results of other researchers both indicate that the peak efficiency of 

the hydrogen engine can reach 37% at high speed and high load. Due to very broad 

flammability and burn rate range, a hydrogen engine can be controlled in a similar 

fashion to a gasoline engine where fuel/air ratio is constant and the desired torque is a 

function of both fuel and air flow. This is also similar to a diesel engine, where air is un-
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throttled and desired torque is proportional to fuel flow. At low load, therefore, the 

efficiency can be improved on the order of 15-20% by reducing the pumping work with a 

strategy using equivalence ratio to control load instead of throttling, similar to a diesel 

engine. The energy used by the electric motor is replenished by the engine through 

regeneration during cruising and braking.  

Battery state of charge (SOC) is also an important factor to consider for motor 

assistance. Generally, when the SOC is high, more current can be drawn from the battery 

packs, while less power is supplied by the packs if the SOC is low. There is no assistance 

if the SOC is too low. The impact factors of the SOC on the amount of assistance are also 

set up in a lookup table.   

 

4.5.1.3 Cruise Control 

The cruising mode is defined as: 1) vehicle speed is constant or has a small 

variation, and 2) the accelerator pedal is a constant but not equal to zero, or has a small 

change. In this mode, the energy is only used to overcome the road loss. The motor 

becomes a generator to charge the batteries. The recharge power is treated as negative 

torque added to the engine.  

The batteries charge until the SOC is high. Although it is less efficient to charge a 

battery to a high SOC than a medium SOC [35], it is necessary to charge it to high level 

to wait for the potential, long duration full acceleration.  
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4.5.1.4 Deceleration Mode 

When the brake pedal is depressed, the motor is used as an added brake and turns 

into a generator to charge the batteries. This characteristic is called regenerative braking, 

which is one of the pivotal advantages of HEVs. For safety reasons, traditional hydraulic 

friction braking is still kept as the primary braking system and works during all periods of 

braking. The brake input activates the mechanical braking because the pedal is directly 

connected to the friction brake. Regenerative braking recovers some kinetic energy which 

normally dissipates during braking and reduces braking distance as the braking torque is 

the sum of the motor negative torque and the friction torque. Regenerative braking is 

disabled if the battery SOC is too high. 

 

4.5.1.5 Stationery Mode 

When the vehicle comes to a stop, like a conventional vehicle, the engine still 

runs, keeps charging the 12V battery and runs other accessories such A/C. Although a 

DC/DC converter was considered in the design procedure because of its high efficiency, 

the high cost, which is much more expensive than that of a regular alternator, limits the 

application in this project. Under this mode, the engine controller runs the engine in a 

more lean state to achieve higher efficiency and lower emissions. 

 The basic logic of the rule-based algorithm is summarized in Table 4.1, where Preq 

means power request, Pm_o means motor on power level, SOCmin is the battery minimum 

state of charge (SOC), and SOCmax is battery maximum SOC. 

 



 60 

Table 4.1 Powertrain Control Strategy 

 Engine Motor 

Engine Start Engine starts by putting key 
on the start position. Off 

On If Preq < Pm_o, motor off 
Acceleration 

Mode On If Preq > Pm_o and SOC > SOCmin, motor 
assists. 

Cruising Mode On If SOC < SOCmax and vehicle keeps constant, 
motor acts as generator to charge battery 

Deceleration 
Mode On If SOC < SOCmax and brake signal on, Motor 

acts as generator to charge battery 

Stationary Mode On Off 

 

 

4.5.2 Transmission Logic Shift 

The gear position of the transmission is important in the hybrid powertrain control 

because it influences the operating point of the engine and energy management strategy. 

The engine is directed to the vehicle via the transmission, so that the proper wheel speeds 

can be obtained. The transmission is geared such that at low vehicle speeds the wheels 

have a significant amount of torque multiplication, allowing engine speed and load to be 

moved towards efficient operating points. As vehicle speeds increase, the transmission is 

shifted to a lower gear ratio, resulting in lower torque multiplication to still keep the 

engine operated in optimal areas. In addition, the engine operating points then influence 

the motor assistance. Although the efficiency of auto transmission is around 90%, which 

is lower than manual transmission efficiency, it was selected because of wide 

acceptability. The above functions of the motor are all disabled except when the gear is 
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shifted into the “Drive” position. Fortunately, the transmission is a 4-speed hydraulically 

controlled auto transmission. It shifts gear positions automatically as the vehicle's speed 

changes. Electrically controlled automatic transmission is another potential choice. 

However, this type transmission is normally more expensive than hydraulically 

controlled transmission. In addition, neither control strategy nor communication 

messages of the transmission controller is available.  

 

4.6 Control Strategy Verification using Simulation Tools 

After the control strategy was proposed and designed for the hydrogen SUV, it 

required refinement and verification using simulation tools before it was embedded into 

the real-time controller.  

 

4.6.1 Control Strategy Implementation in PSAT 

As PSAT has the capability to control strategy development, it was used to 

validate the control algorithm. The default PSAT control strategy, which can not be 

directly used in actual vehicle control, does not include the control strategy proposed for 

the hydrogen HEV. Therefore, the strategy described before has been created in the 

Matlab/Simulink environment and incorporated into a PSAT control model with the same 

component models and component initialization files presented in the previous chapter.  

Figure 4.11 shows the detail Simulink codes in acceleration mode, which is based on the 

modification of the default PSAT control logic.   

 



 62 

 

Figure 4.11 Simulink Code of Acceleration Mode  

 

Section A of the code describes the wheel torque demand as reflected to the motor 

shaft. This also can be viewed as the driver’s power command to the vehicle. Section B 

of the code indicates the limits on the propelling torque of the motor. According to the 

designed control strategy in section 4.5.1.2, the motor torque (unit: Nm) output is 

calculated in a lookup table, which is a function of engine speed (unit: rad/s) and engine 

load (MAP/BAP, unit: %). Table 4.2 shows the lookup table for the motor torque 

calculation. At low load and low speed, no motor assistance is provided. The motor 

output increases as the load and speed increase. The limits take into account the 
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maximum torque curve of the motor and the maximum discharge power of the battery. 

Section C in Figure 4.11 shows the limits on the negative torque from the motor. Section 

D shows that the motor output is a direct output from section B. The code in section E is 

used to calculate the engine torque, which is the difference between the vehicle torque 

request and motor torque. 

 

Table 4.2 Motor Torque Calculation (Nm) 

                Engine Speed(rad/s) 
Engine Load (%) 0 100 200 300 400 500 

0 0 0 0 0 0 0 
20 0 0 0 0 12 12 
40 0 0 12 24 24 36 
60 0 24 26 36 36 36 
80 48 48 48 48 48 48 

100 60 60 60 60 60 60 
250 300 300 300 300 300 300 

 

   The default control strategy shuts off the engine when the vehicle power demand 

is lower than a set threshold. However, the designed hydrogen SUV does not turn the 

engine off as described in section 4.5.1.5. Therefore, the threshold is set to the maximum 

engine power, which results in the engine always in the on state. Other control algorithms 

such as regenerative brake and transmission shifting logic are from the default PSAT 

control algorithm.  

 

4.6.2 Simulation Results 

Figure 4.12 shows the demanded vehicle speed and simulated vehicle speed using 

the designed control strategy in Federal Highway Driving Schedule (FHDS). The 
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simulated speed is almost the same as the demanded speed. Figure 4.13 shows the battery 

output voltage during the driving cycle. It indicates that the control strategy can keep the 

battery SOC in a certain range. From the simulation results (only a small portion of the 

simulation results are shown here), it can be seen that the designed control strategy could 

be used in the hydrogen HEV. Whether the strategy is practical or not must be tested in a 

real vehicle. Simulation can help the designer quickly find the potential problems in the 

early design stage.   

 

 

Figure 4.12 Vehicle Demanded Speed and Simulated Speed 

 

 

Figure 4.13 Battery Voltage Variations in FUDS 
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4.7 Control System Implementation using LabVIEW and Calibration 

To save development time, virtual instruments (PXI and cFP) based on a Real-

Time (RT) operating system were applied to implement the control system in the 

prototype hydrogen HEV. The deterministic aspect of the RT system guarantees 

operations to be finished in a given time. NI LabVIEW, a graphical programming tool 

based on dataflow language, was used as the software language for programming. Unlike 

Matlab/Simulink model based prototype system, LabVIEW allows on-board parameter 

tuning and does not need third party software. Additionally, the main advantage of 

LabVIEW over classical text/script based programming is its graphical interface. This 

characteristic was fully utilized to easily, safely and rapidly build the prototype control 

system. The software setup and nomenclature of executable “drag and drop” functions 

makes the software easily and readily understood by almost anyone with a rudimentary 

understanding of lower programming languages (i.e. C++, Pascal etc). Similar to Object-

Oriented Programming (OOP) languages such as C++, the inheritance of LabVIEW 

makes the code reusable not only in different programs but also scalable across hardware 

architecture, which means that applications can be moved seamlessly between several bus 

architectures, such as PC Card, plug-in DA hardware, and VXI. This portability offers the 

flexibility to take advantage of improved bus standards as they arise.  

    Virtual instrumentation software includes extensive functionality for I/O of 

almost any kind and has ready-to-use libraries for data acquisition devices, serial/RS-232 

devices, and Controller Area Network (CAN) controller, among others, to build a 



 66 

complete measurement and automation solution. LabVIEW also offers a full range of 

options for communications and data standards, such as TCP/IP and UDP as well as 

robust publish and subscribe protocols. The data logging capability of the virtual 

instruments makes it easy to analyze the collected data for a deeper understanding of the 

components and vehicle behavior [36]. 

 

4.7.1 Battery Monitoring System Implementation 

 Figure 4.14 (a) and (b) show the top level of the battery monitoring program. 

Before reading outside signals, the cFP module must be configured to specific modules 

and channels. Section A provides string names to this LabVIEW VI (program) to indicate 

which modules should be accessed. Section B provides the channel names, showing 

which channel is used. To accomplish the functionality of configuration, two For Loops 

are used, shown in Figure 4.14 (a). The external For Loop executes four times to 

configure modules for one cFP, and the internal For Loop executes eight times to 

configure the corresponding channels for this specified module. Once the configuration 

procedure is completed for one module in outer For Loop, the codes in the inner For 

Loop will be executed continuously until all channels in this module are configured. 

Here, the “auto-indexing” function of the For Loop is enabled, allowing the times of 

execution equal to the size of the array that is connected to the For Loop. In Figure 4.14 

(b), Section C shows the I/O monitor codes that store each cell voltage to an array and 

calculate the total battery voltage. A delay block shown in Section D is used inside the 

For Loop, so that the loop operates at its desired rate. Otherwise it may load the processor 
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at 100% and lock the software in the module, other programs explained in the following 

also have delay blocks. 

 

 

Figure 4.14 (a) Battery Monitoring Program: Configuration  

 

 

Figure 4.14 (b) Battery Monitoring Program: Voltage Reading 
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4.7.2 Powertrain Control Strategy Implementation 

 As explained in a previous section, the central control system is composed of two 

units: cFP-2020 and PXI-8170. The compact fieldpoint is responsible for relatively low 

level, non-time critical control, while PXI is used for time-critical signals and powertrain 

control algorithm implementation.   

 

4.7.2.1 LabVIEW Implementation in Compact Fieldpoint Controller 

The cFP-2020 is coupled with an eight panel compact FieldPoint unit and 

associated with one digital output, one analog output, and six analog input modules to 

manage battery temperature, battery current, transmission output, fuel system, relays, 

solenoids, manual control system and diagnostic system. 

Similar to the battery monitoring system, Figure 4.15 shows part of the cFP 

channel configuration (Section A) and module configuration (Section B) for analog 

signals. After the voltages are read into the channels, the voltages are converted to 

various physical parameters such as temperature, pressure, etc. One example of battery 

temperature calculation is shown in Figure 4.16, where the first block converts input 

voltages to resistance and the second block coverts resistance to temperature (0F) derived 

from Equation 4.1. The last block is used to covert degrees Fahrenheit to degrees Celsius.  
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. 

Figure 4.15 Fieldpoint Analog Signal Input Configuration 

 

 

Figure 4.16 Battery Temperature Calculation Codes 

 

4.7.2.2 LabVIEW Implementation in PXI Controller 

 Due to the fast processing speed of the PXI controller, the control algorithm is 

developed in the PXI. As introduced in “Powertrain Control Strategy”, the control 

scheme is rule-based control. Based on a series of input signals, the control logic will 

generate digital signals to turn the regenerative braking on or off and an analog voltage 

signal to determine the amount of electrical assistance required for the electric motor. 
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Figure 4.17 shows the block diagram of the control logic. When the regenerative brake is 

switched on, the motor is operated in the generator mode to change mechanical energy to 

electrical energy and charge the battery. Otherwise, the motor is in normal action mode to 

generate mechanical energy. The lookup table shown in Figure 4.18, similar to the table 

presented in Table 4.2, is used to calculate the motor assistance. The x axis is the engine 

speed (RPM), y axis is engine load (%), and the values in the table are the voltage sent to 

motor controller. If zero volt is applied, the motor is in the coast condition, which means 

the motor spins freely neither generating nor consuming energy.  

 

 

Figure 4.17 Block Diagram of Control Logic 
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Figure 4.18 Motor Throttle Map 

 

 One issue found during the implementation is that LabVIEW does not have a 

preset function to complete a 2-dimensional lookup inquiry. Therefore, interpolation has 

to be used to retrieve values when the engine load and engine speed do not correspond 

exactly to a point in the table. Figure 4.19 represents the four points in the map that are to 

be interpolated, where Y1 and Y2 represent the load points, X1 and X2 represent the rpm 

points, and Z11, Z12, Z21, and Z22 represent the voltage to the motor controller. The 

variables Xe and Ye are the rpm and load entered, and Zint represents the interpolated 

point. Equation 4.2 is used to interpolate in two dimension table. 
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Figure 4.19 Interpolation Point 

 

 As the calculation of interpolation has several variables and performs complicate 

mathematic operation, using text-based code can be more straightforward than creating it 

on the block diagram. LabVIEW has the capability of running external code, such as C or 

Matlab, and provides a mechanism for embedded this external code into a LabVIEW 

block. Therefore, a paragraph C code has been developed to express Equation 4.2 for the 

interpolation calculation, which is shown in Figure 4.20. The code also includes the 

functionality of 1 dimensional lookup table interpolation calculation, which can be 

treated as a special case of 2-D interpolation.  
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Figure 4.20 LabVIEW Interpolation Code 

 

 As explained before, the cruise mode is sensed when the vehicle speed and the 

accelerator pedal are both in a constant state. Through tests, if the changed speed is less 

than 5 mph in 5 seconds AND the vehicle absolute speed is higher than 25 mph AND 

changed throttle voltage is less than 0.7 V in 5 seconds AND the absolute throttle voltage 

is less than 4 V (range from 0 – 5 V), the vehicle is considered to be in the cruise mode 

and regenerative braking is triggered. The reason to set the upper limit of the throttle 

voltage is that the throttle should not be high during cruising so that the driver presses 

throttle lightly. If it is higher than 4 V, it is considered that the driver wants to quickly 

accelerate the vehicle. Therefore, the vehicle should be in an acceleration mode instead of 
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cruise mode. This may occur when the vehicle is climbing a steep hill. The driver steps 

on the gas pedal very hard, but the speed and the throttle can not change enough. In this 

case, the electrical motor should provide assistance to the engine instead of adding load 

the engine.  

In order to keep the battery SOC and maintain the engine running in its high 

efficiency area, the motor is operated as a generator to add additional load to the engine 

when the engine load is light. Normally under a given speed, the engine efficiency 

increases with the increase of engine load (until it reaches the maximum efficiency line). 

After the load crosses the maximum efficiency line, the engine efficiency decreases as the 

load continues increasing. Hence, when the engine load is less than a threshold, 

regeneration is activated. Figure 4.21 shows the LabVIEW code for regeneration 

determination. 

 

 

Figure 4.21 LabVIEW Codes of Regeneration Determination 
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 When the brake pedal is engaged, to fully recover energy, the control system goes 

into deceleration mode with regenerative braking on. During this period, only the rear 

wheels have additional brake force from the electric motor. The unbalanced brake forces 

between the front wheels (mechanical brake) and rear wheels (mechanical brake and 

regenerative brake) might trigger the ABS unnecessarily. Therefore, regenerative braking 

is disabled when vehicle speed is less than 10 mph. 

 However, constraints on each operating mode must be considered such as battery 

voltage, battery temperature, transmission gear position, etc. These constraints are 

applied not only to meet the driver’s demand but also to protect vehicle subsystems or 

components. One instance is that, in the acceleration mode, the following conditions must 

be met before the motor assists the engine. The conditions include: (1) battery voltage is 

within limits; (2) battery temperature is lower than a threshold; (3) brake pedal is not 

engaged; and (4) transmission is in the forward position. Conditions (1) and (2) are used 

to protect the battery packs while the purpose of adding condition (3) and (4) is to assure 

the vehicle is in the desired operation mode. It is not desirable to give the vehicle 

assistance when the transmission gear is any position except “Forward”, nor when the 

brake pedal pressed. Figure 4.22 shows the LabVIEW code for acceleration mode 

constraints. 
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Figure 4.22 LabVIEW Codes of Acceleration Mode Constraints 

 

4.7.2.3 Data Logging 

 During the period of hydrogen HEV prototype development, the data measured in 

each test are very important for vehicle performance analysis. It is therefore necessary to 

store the acquired data on-board. As the PXI has a very large hard drive (40G) and has a 

high operating speed that can run a single PID loop at 35 kHz, it is used for data logging. 

A LabVIEW program was developed to log data to the PXI disk at a specified rate in a 

text file format that can be opened by Microsoft Excel. Figure 4.23 shows part of the 

LabVIEW code for data logging. Whenever the vehicle is running, the LabVIEW 

program automatically records the system time and date, which is described in Section A. 

Section B creates a new Excel file, where the file name has the format of 
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“c:\month_date_hour_minute.xls” under the C: drive located in PXI controller. If the 

same name is found in the PXI disk, the old file data will be replaced by the new records. 

Section C sets up titles of each column of the Excel file. Once the configuration has been 

completed at the beginning, the program goes into a While Loop, and only the code 

inside the While Loop is executed until the test is completed. Section D shows some code 

for logging data. The data is fed into an array and then transmitted into a text format to 

accommodate the requirements of the Excel file. Around 40 different parameters are 

recorded in this system, including battery temperature, battery voltage, engine speed, 

vehicle speed, etc. Figure 4.24 shows the Excel spreadsheet with recorded data. System 

time, titles and data are shown in Section A, B, and C, respectively. 

 

 

Figure 4.23 LabVIEW Codes of Data Logging 
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Figure 4.24 Excel Spreadsheet of Logged Data 

 

4.7.3 Communication Implementation 

 As described in the early part of this chapter, a small network was built inside the 

vehicle using TCP/IP protocol among the PXI controller and other three cFP units. Figure 

4.25 shows the LabVIEW code for TCP/IP communication between the battery pack 

monitoring system (cFP-2000) and main Fieldpoint controller (cFP-2020). In the Figure, 

a While Loop surrounds the rest of the VI. This allows the VI to handle multiple 

sequential connections without having to restart after each connection closes. The IP 

address of battery pack two is 129.119.19.2, and the port number is 2055. If a valid 

connection occurs, the VI enters the internal While Loop that reads 4 bytes from the 

TCP/IP port. The first TCP Read module acquires the size of the data, and the second 

TCP Read reads the data and passes it to the chart. If an error occurs, the program goes 

out of the internal loop and closes the connection. However, due to the existence of the 

external While Loop, the connection is built again to ensure that the battery information 

is transmitted to the central control system continuously. 
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Figure 4.25 LabVIEW Codes of TCP/IP Communication 

 

Another communication protocol, RS-232 series port communication, is used for 

the energy meter (E-meter). The E-meter is a micro-controlled device capable of 

measuring voltage, current, amp-hours, time remaining, temperature, and kilowatt hours 

with a digital number display. It was installed in the dashboard to deliver battery 

information to the driver. The E-meter data is transmitted to the main cFP via RS-232. 

Figure 4.26 shows the LabVIEW code for the serial communication.  

Similar to the TCP/IP example, the external While Loop ensures the connection is 

valid all the time. The small While Loop on the left side is used to wait for E-meter data 

until the specified number of bytes is received at the port. When the data is received by 

the cFP, the program exits the While Loop and goes into the While Loop on the right 

side.  The right side While Loop is programmed to retrieve data from E-meter and change 

its format for use by the other programs and data logging.  
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Figure 4.26 Serial Port Communication LabVIEW Codes 

 

4.7.4 Powertrain Control Interface 

 The LabVIEW program was developed on the basis of a PC, which does not have 

real-time operating system. However, after the program was created and tested, it was 

embedded in flash memory through an Ethernet connection to the PXI and cFP, which 

are real-time systems. The memory retains the program when it is power cycled. After the 

program is embedded, it executes automatically when the ignition is on.  

During the testing and debugging process, sensor readings can be displayed on the 

PC’s screen. The front panel of the control system is shown in Figure 4.27. Section A and 

B show the battery cell voltages and total voltage of each battery pack. Section C shows 

the battery temperature readings and battery current readings. Hydrogen tank pressure 

and tank temperature are displayed in Section D. Section E illustrates the hydrogen 

detector readings. Section F shows the manual control buttons. In the development stage, 
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some signals or solenoids/relays are manually controllable for safety reasons and 

debugging purposes, which include high voltage main relays, high voltage current relays, 

electrical motor direction and throttle, etc. After calibration, the manual controls are 

disabled, and the whole system is in passive control model. Section H is the information 

from the E-meter. Some engine information (MAP and BAP sensor readings, engine 

speed, etc.) and vehicle speed are displayed in Section G. 

 

 

Figure 4.27 Control System Program Front Panel 
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4.7.5 Hydrogen Engine Control Implementation 

It is desirable to develop an efficient engine controller for accurate control of the 

overall I/O signals to replace the current controller. Using a field programmable gate 

array (FPGA) in conjunction with the system PXI controller could be an effective and 

possible solution for the development of the engine controller.  

 

4.7.5.1 LabVIEW FPGA 

An FPGA is logic device that contains large numbers of unconnected gates whose 

functions are determined by downloading to the FPGA a wiring list that decides how the 

gates interconnect. The FPGA turns the semiconductor switches on and off according to a 

wiring list that is determined by a software program [38]. The FPGA can be reconfigured 

as often as necessary by modifying the program, recompiling, and re-flashing the chip. 

During operation, the chip becomes a hardware circuit that performs the pre-defined logic 

in hardware directly. A FPGA is fundamentally different from a processor because of its 

parallelism. A FPGA can perform many tasks in parallel at high speed, while a processor 

normally does one complex task at a time. As many operations are performed in the 

FPGA, each part of FPGA behaves as a small processor. As an FPGA delivers the hard 

determinism and performance of a chip-level hardware solution, the operation speed is 

much faster than that of a microprocessor, and the performance is much better than that 

of software-based system [39].  

Despite the advantages of an FPGA, applications are limited due to the learning 

curve associated with programming the device in a hardware description language 
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(HDL). The PXI FPGA-based reconfigurable I/O (RIO) board and LabVIEW FPGA 

module solve this dilemma. The FPGA on the RIO board can be configured with 

LabVIEW FPGA modules. The modules convert graphical codes into HDL, which is then 

compiled to a layout for the FPGA using a standard Xilinx toolset. The FPGA RIO board 

functions as a co-processor card with the PXI controller. The integration of LabVIEW RT 

and LabVIEW FPGA forms a more powerful system. The built-in data transfer 

mechanisms of passing data between the PXI controller and the FPGA guarantees the 

loop time and therefore improves the powertrain control performance. 

The FPGA based ECU completely controls the engine’s behavior through 

accurate synchronization and timing of all operations and signals that require extreme 

accuracy at high frequencies. It has the hard deterministic loop times on the order of 

milliseconds and precise synchronization of fuel and spark timing on the order of 

microseconds. It can easily satisfy the strict timing requirements, e.g. the ignition delay 

time is less than 20 �s. The synchronization and speed capability of the FPGA effectively 

prevent some potential dangerous or harmful phenomena such as pre-ignition, back fire, 

and knock. In the early stages of development of the prototype ECU, flexibility is 

paramount. The flexibility of the NI LabVIEW RT and FPGA are very helpful in this 

regard. It is also easy to add sensors and actuators in this combination system. 

 

4.7.5.2 LabVIEW Implementation 

According to the analysis of the engine control previously, a basic control 

program was developed using LabVIEW FPGA and PXI controller. Figure 4.28 shows 
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the front panel of the LabVIEW engine control program, which monitors all the sensors 

and controls the actuators through RIO and sends pulse trains to injectors and spark 

plugs. Section A shows the fuel injection duty cycle map, and the corresponding three-

dimensional shaded surface graph is plotted. Selecting different tabs allows the injection 

and spark timing maps to be seen. The numbers in these maps are all changeable either 

offline or online. Section B shows the input signal such as engine coolant temperature, 

inlet air temperature, etc. The injection and spark information are shown in Section C.  

 

 

Figure 4.28 Interface of LabVIEW FPGA Engine Control Program 
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Figure 4.29 shows the LabVIEW code for the control program. A number of 

lookup tables such as fuel injection duty cycle, injection timing, and spark timing are pre-

stored, and the interpolation method described previously is used to extract proper values. 

Section A shows the sensor readings from temperature sensor, speed sensor, MAP and 

BAP, etc. Section B and Section C show the duty cycle and timing calculation of 

injection and spark for each cylinder. Section B shows that the duty cycles of injection 

and spark are calculated on the basis of engine load and speed via interpolation, which 

uses the same method presented in Equation 4.2 to retrieve the desired value from four 

known points.  

Typically engine timing is done in degrees referencing two revolutions of the 

Cam shaft resulting 0 - 720° scale. This is done because the engine completes all four 

cycles after two revolutions of the Cam shaft. Therefore, in Section C, the relationship 

has been built between the engine performance relative to engine angular position and 

computer control environment with respect to time. Equation 4.3 shows the conversion of 

angle (degree) into time (second).    

n
RPM

t ×
×

= 0360
60

                                                                     (4.3)      

where t is the time (second), RPM is engine revolution speed and n is the angular degree. 

For example, if the engine is running at 3000 RPM and the 2nd cylinder injection timing 

is 1800 lag of the 1st cylinder fuel injection timing, then the second cylinder will inject 

fuel 10 (=(60 x 1800) / (RPM x 3600)) ms later than the first one.  



 86 

 

Figure 4.29 LabVIEW Code of Engine Control Program 

 

 Figure 4.30 shows the LabVIEW code to generate pulses to drive the second 

injector for fueling. The While Loop keeps the program running continuously after the 

program is loaded. When the pulse from the Cam shaft position sensor is received as 

logic high, the Case Structure is triggered to generate a pulse. The pulse width and the 

injection starting time calculation are shown in Figure 4.29. Here, it is assumed that each 

pulse occurs 180° after the previous pulse. After one pulse is produced, the While Loop is 

kept running but does not generate another pulse until receiving the next Cam signal.   
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Figure 4.30 LabVIEW Codes of Generating Pulses 

 

4.7.5.3 Signal Conditioning Circuits 

Signal conditioning circuits provide the interface between the hydrogen engine 

and the ECU. The circuits include low pass filters to eliminate noise, amplification of low 

level signals, circuits to recover distorted signals, etc. They can also protect against over 

voltage and have special functions such as providing a peak-hold driver for hydrogen 

injectors. Figure A.2 in the Appendix A show the complete schematic of the signal 

conditioning circuit.   

 

4.8 System Information and Fault Diagnosis 

The control system also provides the vehicle driver with some important 

information on the subsystems and fault diagnostics of the electric power management 

and distribution system. These features allow for an understanding of vehicle conditions 

and detection of fault conditions to avoid hard, fail-stop behaviors (e.g. hydrogen 
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leakage, loss communication and battery cell damage). The subsystem information and 

warning messages are automatically displayed on an LCD in the vehicle console, shown 

in Figure 4.31. 

 

 

Figure 4.31 Interface of System Information and Fault Diagnosis 

 

There are three pages to display the subsystem information. Every page is only 

shown for one second and then switched to another page one after another. Figure 4.32 

shows the interface of these three pages. The first page shows the hydrogen detector 

sensor readings and relay status. The second page shows the hydrogen tank pressure and 

temperature. The third page shows the battery temperature, voltage and charging or 

discharging current. Normally, the warning message page does not come up unless a fault 

is diagnosed by the control system. However, once this page is displayed, it will stay on 

until the fault is eliminated. The intention of the design is to deliver the fault information 

to the driver to avoid serious problems. 
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Figure 4.32 Information Display 

 

 Figure 4.33 shows the LabVIEW code for the information and diagnosis display. 

Section A shows the page control code, which determines which page should be 

displayed and the display sequence. Section B shows the code for diagnosis. The 

diagnosed parameters are compared to a series of pre-set thresholds. If any parameter is 

higher than the upper limit or lower than the bottom limit, a warning message will be 

delivered to the LCD.   
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Figure 4.33 LabVIEW Codes for Fault Diagnosis  
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CHAPTER V 

EXPERIMENTAL TEST RESULTS AND ANALYSIS 

 

This project is divided into two stages. Stage I is the initial phase of the hydrogen 

fueled HEV development. The vehicle powertrain control system, under a LabVIEW RT 

environment, was developed with a reprogrammable Motec engine controller. The goal 

of this phase focused on running the vehicle in hybrid mode while meeting the design 

requirements. The objective of the second stage is to optimize engine performance by 

using a custom built ECU and then advance vehicle performance with lower emissions. 

Phase I has been completed. Extensive tests including on and off-road performance and 

emissions were conducted at Ford’s Michigan Proving Ground and Ford’s Allen Park 

Testing Laboratory. The intent of this testing was to evaluate the overall design and the 

vehicle dynamic performance. 

 

5.1 Vehicle and Component Performance 

Figure 5.1 shows the vehicle speed, battery current and battery voltage readings in 

the test for hot start emissions. The one hour test was performed by Ford employees and 

consisted of a long term cruising cycle, a short period of acceleration and deceleration, 

and a standard Federal Highway Driving Schedule (FHDS). Following the driver’s 

command, electric torque was generated by the controller using the rule based control 

strategy. Figure 5.1 illustrates the vehicle in the cruising mode, where the engine charged 

the battery through the motor. Here, positive current denotes the charging current to the 
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batteries and negative current means the batteries are discharging. Figure 5.1 also shows 

that the torque assistance is mainly performed during acceleration, and regenerative 

braking appears at deceleration. The motor assist power varied corresponding to the 

engine load and speed. 

 

 

Figure 5.1 Vehicle Speed, Battery Current and Battery Voltage 

 

Figure 5.2 shows a comparison between the demanded FHDS speed and the 

actual speed of the vehicle in the test. The vehicle speed tracks the demand reasonably 

well. The control strategy was designed for general driving conditions rather than some 

particular driving cycles. This comparison indicates that the robustness of the proposed 

rule-based strategy. It has flexibility over a variety of drive cycles. 
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Figure 5.2 Demanded FHDS Speed versus Actual Vehicle Speed 

 

Figure 5.3 shows the hydrogen engine speed and the hydrogen tank pressure 

variation (only one tank was filled during the test). Consistent with the fuel injection map 

shown before, the fuel consumption increased as the engine speed increased. The 

hydrogen tank temperature decreases almost proportional to the decrease of the pressure.  

The vehicle ran about 40 km (25 miles) during the test. It was estimated that the 

vehicle had a gasoline equivalent economy of 9.4 l/100 km which equals to 25 

mile/gallon (mpg) and a range of around 160 km (100 miles) [7], [40], while the 

traditional Explorer has 15.7/11.75 l per 100 km (15/20 mpg) in city/highway driving 

cycles.    
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Figure 5.3 Hydrogen Engine Speed and Hydrogen Consumption 

 

Figure 5.4 shows the engine load, which is indicated by the ratio of MAP and 

BAP. As the supercharger was driven mechanically by the engine, the output air pressure 

of the supercharger was a function of engine speed only. The faster the engine runs, the 

higher the engine volumetric efficiency is. Therefore, the boosting torque mainly 

received benefit at high speed. At idling, the MAP was controlled close to atmospheric 

pressure by lowering the equivalence ratio, which resulted in decreased pumping losses 

and improved brake thermal efficiency as compared to a conventional throttled engine 

with reduced MAP [9]. 
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Figure 5.4 Hydrogen Engine Load 

 

Two approaches were used to keep the batteries operating at a desirable 

temperature range. A forced air system cooled the batteries, and the control system 

adjusted the battery usage. Figure 5.5 shows the five temperature sensor readings of one 

battery pack. Four sensors in the top of the pack had coherent thermal distribution, and 

the temperature of the one at the bottom was much lower than the others as more fresh air 

went through the bottom. The batteries performed well in real world conditions and were 

maintained in the preferred temperature range.   
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Figure 5.5 Battery Temperature 

 

To test the vehicle's charge-sustaining operation and gradeablity, the vehicle 

completed a trailer-towing challenge. It was connected with a 908 kg (2000 pound) trailer 

to finish a 24-km-long (15 mile) hill route that varied from a 7% grade for 0.8 km (0.5 

mile), then up short grades as steep as 17%. A more difficult feature added to the test was 

to stop the vehicle in the halfway up the 7% grade and then continue it up to the top [41]. 

Figure 5.6 shows the vehicle with the trailer running on the road. The vehicle was 

successful in completing the event. 
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Figure 5.6 Vehicle in Trailer Towing Test 

 

5.2 Emissions 

Table 5.1 shows the cold start emission data and hot start emission data for the 

hydrogen hybrid vehicle as well as California emission standards for light duty vehicles 

[42]. The hot start data reflects the performance of exhaust after aftertreament device 

because the engine is at its operating temperature. The exhaust system consisted of a 

catalytic converter and a standard glass pack muffler. Figure 5.7 graphically compares the 

emissions.  

Table 5.1 indicates that the hydrogen engine emitted lower emissions than the 

current LEV standard. The NMOG and CO emissions met SULEV certification. In the 

hydrogen powered vehicle, the trace amount of carbon based emissions are produced 

from the burned and unburned engine oil present in the combustion chamber. As a result, 

they remained consistent throughout the tests. However, the NOx emission was higher 
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than the 50 thousand SULEV tailpipe standard, but within the ULEV standard. Because 

of the differences in cylinder charge heat transfer rates [7], a hot engine produces much 

more NOx than a cold engine does. As shown in Table 7.1, even if a catalytic converter 

was used, the NOx from the hot engine was still higher than that of cold engine. 

 

Table 5.1 Comparison of Emissions 

 NMOG (g/mi) CO (g/mi) NOx (g/mi) 
LEV 0.16 4.4 0.7 

ULEV 0.1 2.2 0.4 
SULEV 0.05 1 0.02 

Cold Start Results 0.049 0.088 0.117 
Hot Start Results 0.046 0.088 0.141 

NMOG:  non-methane organic gases 
LEV: Low Emission Vehicle 
ULEV: Ultra Low Emission Vehicle 
SULEV: Super Ultra Low Emission Vehicle 

 

 

Figure 5.7 Emission Comparison 
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 Another emission test was completed at Argonne National Lab using the UDDS 

(FUDS) driving cycle. Figure 5.8 shows the vehicle running speed and the demanded 

speed. Table 5.2 shows more emission data during the test. It is clearly shown that the 

hydrogen HEV does not increase the emission in the local driving cycle.  

 

 

Figure 5.8 Vehicle Speed in ANL Dynamometer Test 

 

Table 5.2 Emission Data in UDDS 

Emission (g/mi) THC CH4 HC NOx CO CO2 
Data 0.0199 0.0059 0.0179 0.1138 0.0824 13.13 

 

 

5.3 Phase II 

Phase I has achieved a solid baseline for the development of phase II. The process 

of developing a new ECU is going smoothly. The LabVIEW FPGA software program, 

signal conditioning circuits, and engine wire harness are complete. The engine 

dynamometer test is beginning. After the test, the FPGA program will be incorporated 

into the vehicle powertrain control program and will undergo total vehicle test. 
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5.4 Comparison of Simulation Results and Test Data 

However, no simulation tool is complete without being validated against 

measured vehicle data to ensure the reliability of its predictions. Therefore, validated 

simulations must be implemented within design frameworks to allow for more rigorous 

examinations of vehicle design [43]. Only validated simulation tools can provide users 

the degree of accuracy of the software and can ensure the reliability of their predications. 

However, not much work has been down so far for HEV validation in modeling tools via 

test data [37]. For this reason, the test data and simulation results are compared to 

validate the accuracy of the PSAT models. 

Figure 5.9 shows a comparison of the simulated vehicle speed and actual 

measured speed during a FHDS cycle. Both of them track the demand speed very well 

(reference Figure 5.2). Figure 5.10 compares the measured engine speed and simulated 

engine speed. The predicted engine speed is very close to the measured speed except 

during deceleration, where the actual speed decreases much faster than the simulated 

speed does. The difference results from the transmission shift logic because the engine 

operating points are decided by the transmission gear position. The transmission used in 

the hydrogen vehicle is a hydraulic transmission, which shifts according to the hydraulic 

pressure. It seems that when the gas pedal is released or the brake pedal is engaged, the 

transmission quickly shifts to a lower gear position. As it is not clear how the pressure of 

the Ford transmission influences the shift logic, it is almost impossible to model the 

transmission operation in PSAT at this time. The PSAT default shift logic is trying to 
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keep the transmission in one position for a relatively long time with the avoidance of 

frequent shifting to improve drivability. 

 

 

Figure 5.9 PSAT Predicted and Measured Vehicle Speed 

 

 

Figure 5.10 PSAT Predicted and Measured Engine Speed 
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Figure 5.11 shows the measured and simulated high voltage of the NiMH battery 

packs.  The voltage readings have the same trend, but the measured voltage has less 

variability than that of the simulation. The Figure 5.12 compares the predicted and 

measured battery pack current. The measured current has more variability than that of the 

simulation. The difference might be from the existing PSAT battery model. However, 

due to the complex electrochemical processes of the NiMH battery, the behavior of a 

battery is a nonlinear function of various parameters. Therefore, the Rint model does not 

sufficiently represent the NiMH battery behavior. A more complex model should be used 

to predict the battery transients [45]. Although exploring an accurate battery model is 

beyond the scope of this paper, a little more complex model (RC model) could be used to 

explain the difference between the measured and simulated results. The RC battery 

model, shown in Figure 5.13, consists of an ideal no-load battery voltage (Eo), internal 

resistance (R), capacitance (Co) and over voltage resistance (Ro). Co represents the 

capacitance of the parallel plates, and Ro represents the non-linear resistance contributed 

by contact resistance of the plate to electrolyte [46]. Due to the influence of the 

capacitance, the voltage change in a circuit with resistor and capacitor is slower than the 

voltage change in a circuit with a resistor only, while the current change is faster in the 

resistor and capacitor combined circuit. The reason results from the current is influenced 

by the voltage variation
dt

dU
CI = , where I is the current, C is the capacitance, U is the 

voltage across the capacitor, and t is the time. Therefore, a better battery model must be 

studied. 
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Figure 5.11 PSAT Predicted and Measured Battery Voltage in FHDS Cycle 

 

 

Figure 5.12 PSAT Predicted and Measured Battery Current in FHDS Cycle 
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Figure 5.13 Battery RC Model 

 

Figure 5.14 shows the battery temperature change in the FHDS cycle. Compared 

with the measured temperature in Figure 5.5, the PSAT battery thermal model does not 

accurately describe the battery thermal behavior. The PSAT thermal model is based on a 

simple lumped capacitance approach. All the components inside the battery such as 

active material, cathode and anode, current collector, separator, etc. are assumed to be a 

single homogenous material with averaged properties [47]. From the validation process, 

it is clear that the thermal model is not good enough to predict the actual battery thermal 

behavior. One possibility is that PSAT assumes a indispensable and very powerful 

cooling system such as liquid cool system is used to fully take heat away from the 

batteries. 
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Figure 5.14 PSAT Predicted Battery Temperature 

 

The reason for the difference between the tested data and simulated results is that 

PSAT models are based on steady-state (static) component behavior. The models can 

derive average ratings from steady-state operation and characteristics of the system, but 

peak ratings can not be accurately evaluated. Therefore, dynamic models are necessary to 

make lower-level comparisons among subsystems and support subsystem design. 

Dynamic models can be used to study large load transients, such as those which occur 

during shifting of gears or fast acceleration of the vehicle [48]. Static models such as 

PSAT are suitable for long-term analysis over extended drive cycles for the architecture 

decisions and evaluation of high-level operating strategies. To accurately represent the 

component behavior, dynamic models must be developed such as the battery voltage 

model and the thermal model. Under current circumstances, the cycles with steady-speed 

should be selected to allow us to validate the model without transients [49]. 
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CHAPTER VI 

CONCLUSION 

 

A parallel hybrid electric SUV was developed and implemented with a hydrogen 

fueled IC engine. With a few modifications, a 2.3L gasoline IC engine was changed to a 

boosted hydrogen engine, with new engine fuel injection and timing maps developed. 

This vehicle shows that, based on current gasoline engine technology, the engine with 

moderate modification can run on hydrogen. This project demonstrates that compressed 

gaseous hydrogen can be stored, managed, and burned efficiently aboard an HEV.  

In this project, the PC-based rapid control prototyping tools (LabVIEW and NI 

PXI/cFP) have been used to implement the vehicle powertrain control system. New 

hybrid technologies and energy management strategies were implemented in this vehicle 

to further improve the fuel economy and emissions. The RT operating system and the 

rule based control scheme are flexible to various driving patterns. A TCP/IP protocol, has 

been established for fast in-vehicle communication. Also, the innovative use of 

LabVIEW for a battery monitoring system is also proposed for the prototype vehicle 

development. 

A series of on-road and dynamometer tests were performed. The test results 

demonstrate that the hydrogen fueled hybrid vehicle can compete with a traditional 

vehicle in the dynamic performance and produce much lower emissions. A hydrogen 

fueled, HEV can meet the forthcoming ULEV standards proposed and has the potential to 

meet the stricter SULEV standard. Consequently, the hydrogen fueled hybrid electric 
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vehicles could be an interim workhorse bridging the gap between the petroleum based IC 

engine vehicle and the hydrogen supplied near-zero-emission fuel cell vehicle. 

The validation that has been conducted is for commercial gasoline hybrid vehicles 

for the improvement of component modeling. It is unique in using the testing data of the 

hydrogen SUV to compare to the simulation results of PSAT software. The comparison 

shows that to accurately predict component performance, dynamic models are necessary 

in large load transients. Static models such as PSAT are suitable for long-term analysis 

over extended drive cycles for the architecture decisions and high-level operating 

strategies evaluation as well as powertrain energy management. 

 

 

 



 108 

REFERENCES 

 
 
1. He, X., A. Leslie, A. Cordaway, T. Maxwell, and M. Parten, “Peripheral system 

for a fuel cell powered vehicle,” in SAE, Paper no. 2004-01-1010. 
 
2. Stockhausen, W., R. Natkin, D. Kabat, L. Reams, et al., “Ford P2000 hydrogen 

engine design and vehicle development program,” in SAE, Paper no. 2002-01-
0240. 

 
3. Farrell, J., and J. Heffel, “Hydrogen-powered advanced hybrid-electric vehicles 

(Final Report),” University of California, Riverside, CA, Tech. Rep. 97-TS-
RT3X-014-FR, Aug. 1998. 

 
4. Jaura, A., W. Ortmann, R. Stuntz, B. Natkin, and T. Grabowski, “Ford’s H2RV: 

an industry first HEV propelled with a H2 fueled engine – a fuel efficient and 
clean solution for sustainable mobility,” in SAE, Paper no. 2004-01-0058. 

 
5. Chan, C. C., “The state of the art of electric and hybrid vehicles,” Proc. IEEE, vol. 

90, p 247–275, Feb. 2002. 
 
6. Argonne. Hydrogen Properties.  2001. 
 
7. Szwabowski, Steven J, et al., “Ford hydrogen Engine powered P2000 Vehicle,” in 

SAE, Paper no. 2002-01-0243. 
 
8. Eichlseder, H., Freymann, R., Ringler, and J., Wallner, T. “The Potential of 

Hydrogen Internal Combustion Engines in a Future Mobility Scenario,” in SAE, 
Paper no., 2003. 

 
9. Natkin, R., X. Tang, B. Boyer, B. Oltmans and A. Denlinger “Hydrogen IC 

Engine Boosting Performance and NOx Study,” in SAE, Paper no.  2003–0631. 
 
10. Tang, X., D. Kabat, R. Natkin, et al., “Ford P2000 Hydrogen Engine 

Dynamometer Development,” in SAE, Paper no.  2002-01-0242.    
 
11. Natkin, R., X. Tang, K. Whipple, et al., “Ford Hydrogen Engine Laboratory 

Testing Facility,” in SAE, Paper no.  2002-01-0241.  
 
12. Hiruma, M., Y. Nakajima, T. Shudo, Y. Takagi, and K. Yamane, “Research and 

Development of a Hydrogen-Fueled Engine for Hybrid Electric Vehicles,” S in 
SAE, Paper no. 2001-01-0993. 

 



 109 

13. Jay, K. and L. Andrew, “Hydrogen Fueled Engines in Hybrid Vehicles,” in SAE, 
Paper no. 2001-01-0546. 

 
14. Sloane, C., B. Zemke, et al., “Rationale for Technology Selections in GM’s 

PNGV Precept Concept Car based on Systems Analysis,” in SAE, Paper no. 
2000-01-1567. 

 
15. Shepard, W., G. Claypole, et al, “Architecture for Robust Efficiency: GM’s 

Precept PNGV Vehicle,” in SAE, Paper no. 2000-01-1582. 
 
16. Abe, S., “Development of the Hybrid Vehicle and Its Future Expectation,” SAE 

2000-010-C042. 
 
17. Jaura, A., W. Buschhaus, and M. Tamor, “Systems Approach in Achieving 

Higher Fuel Economy in Hybrid Vehicles,” in SAE, Paper no. 2000-01-1585. 
 
18. Kosowski, M. and P. Desai, “A Parallel Hybrid Traction System for GM’s 

Precept PNGV Vehicle,” in SAE, Paper no.  2000-01-1534. 
 
19. Ward’s Automotive Yearbook, 62nd edition, Ward’s Communications, Southfield, 

MI, p.59. 
 
20. Walters, J., H. Husted and K. Rajashekara “Comparative Study of Hybrid 

Powertrain Strategies” in SAE, Paper no. 2001–01–2501. 
 
21. Rahman, Z., M. Ehsani and K. Butler “An Investigation of Electric Motor Drive 

Characteristics for EV and HEV Pro-pulsion System,” in SAE, Paper no. 2000–
01–3062. 

 
22. Gao, Y., H. Moghbelli, M. Ehsani, et al. “Investigation of High–Energy and 

High–Power Hybrid Energy Storage System for Military Vehicle Application,” in 
SAE, Paper no.  2003-01-02287.  

 
23. Kopera, John J.C., “Introduction to Nickel Metal Hydride Battery Technology,” 

Texaco Ovonic Battery System, May, 2002. 
 
24. Jaura, A., W. Ortmann, R. Stuntz, B. Natkin and T. Grabowshi, “Ford’s H2RV: 

An Industry First HEV Propelled with a H2 Fueled Engine-A Fuel Efficient and 
Clean Solution for Sustainable Mobility,” in SAE, Paper no. 2004-01-0058. 

 
25. Farrell, J., and J. Heffel, “Hydrogen-powered advanced hybrid-electric vehicles 

(Final Report),” University of California, Riverside, CA, Tech. Rep. 97-TS-
RT3X-014-FR, Aug. 1998. 

 



 110 

26. Kopera, John J.C., “Introduction to Nickel Metal Hydride Battery Technology,” 
Texaco Ovonic Battery System, May, 2002. 

 
27. Gao, Y., H. Moghbelli, M. Ehsani, et al. “Investigation of High–Energy and 

High–Power Hybrid Energy Storage Sys-tem for Military Vehicle Application,” 
in SAE, Paper no. 2003–01-2287. 

 
28. Paramo, M. and Santavicca “Gasoline Direct Injection En-gine Cold Start 

Improvement by Injection of Hydrogen,” [Online]. Available: http:// 
forms.gradsch.psu.edu/equity/sroppapers/2002/ParamoMelvin.pdf  

 
29. Lin, C., H. Peng, J. Grizzle, J. Liu, and M. Busdiecker, “Control system 

development for an advanced-technology medium-duty hybrid electric truck,” in 
SAE, Paper no. 2003-01-3369. 

 
30. Sciarretta, A., M. Back, and L. Guzzella, “Optimal control of parallel hybrid 

electric vehicle,” IEEE Transaction on Vehicular Technology, vol.12, pp.352-363, 
May 2004. 

 
31. Johnson, V., K. Wipke, and D. Rausen, “HEV control strategy for real-time 

optimization of fuel economy and emissions,” in SAE, Paper no. 2000-01-1543. 
 
32. Phillips, A., M. Jankovic, and K. Bailey, “Vehicle system controller design for a 

hybrid electric vehicle,” in Proc. IEEE Int Conf. Control Applications, Alaska, 
2000, pp. 297-302. 

 
33. Rousseau, A., B. Deville, G. Zini, J. Kern, J. Anderson, and M. Duoba, “Honda 

insight validation using PSAT,” in SAE, Paper no. 2001-01-2538. 
 
34. Lin, C., H. Peng, J. Grizzle, and J. Kang, “Power management strategy for a 

parallel hybrid electric truck,” IEEE Trans. Contr. Syst. Technol., vol. 11, pp 839-
849, November 2003. 

 
35. Rahman, Z., K. L. Butler, and M. Ehsani, “A comparison study between two 

parallel hybrid control concepts,” in SAE, Paper no. 2000-01-0094. 
 
36. National Instruments, [Online]. Available: http://www.ni.com  
 
37. K. Kelly, M. Zolot, G. Glinsky, and Hieronymus, “Test Results and Modeling of 

the Honda Insight using ADVISOR,” in SAE, Paper no. 2001-01-2537. 
 
38. Strassbery, D., “Choosing a real-time platform: FPGAs vs. Real-Time operating 

systems,” in www.edn.com/info, April, 2004.  
 



 111 

39. Viele, M., L. Stein, M. Gillespi, and G. Hoekstra, “A PC and FPGA hybrid 
approach to hardware-in-the-loop simulation,” in SAE, Paper no. 2004-01-0904. 

 
40. Lohse-Busch, H., T. Stinchfield, M.  Mital, A. Hines, and, Douglas J Nelson, 

“Design and implementation of a hybrid electric vehicle powered by a hydrogen 
engine,” in FutureTruck Challenge, Michigan, 2003. 

 
41. Futuretruck 2004 Competition. [Online]. Available: http://www.futuretruck.org   
 
42. Federal Emission Standards and California Emission Standards. [Online]. 

Available: http://www.dieselnet.com/standards.html     
 
43. Delagammatikas, G., and A. Dennis, “The Reverse Engineering of a 

Turbocharged Diesel Engine through a Unified Systems Approach,” in SAE, 
Paper no. 200-01-1244. 

 
44. ADVSIOR, “Energy Storage System”, National Renewable Energy Lab, [Online]. 

Available: http://www.ctts.nrel.gov/analysis/advisor_doc/energy_storage.htm  
 
45. Maddala, R., “Modeling of hybrid electric vehicle batteries,” M.S Thesis, Texas 

Tech University, 2003. 
 
46. Chan, H.L., and D.Sutanto, “A New Battery Model for Use with Battery Storage 

Systems and Electric Vehicles Power Systems,” IEEE Power Engineering Society 
Winter Meeting, 2000, vol. 1, pp. 470-475, January 2000. 

 
47. Pesaran, A., “Battery Thermal Model for Hybrid Vehicle Simulations,” Journal of 

Power Source, vol. 110, pp. 377-382, 2002. 
 
48. Amrhein, M., and P. Krein, “Dynamic Simulation for Analysis of Hybrid Electric 

Vehicle System and Subsystem Interactions, Including Power Electronics,” IEEE 
Transaction on Vehicular Technology, Vol. 54, No.3, May, 2005. 

 
49. Rousseau, A., P. Sharer and M. Pasquier, “Validation Process of a HEV System 

Analysis Model: PSAT,” in SAE, paper no. 2001-01-0953. 
 
50. He, X., M. Parten, et al., “Development of Real-Time Control for a Hydrogen 

Powered Hybrid Electric Vehicle,” in SAE, Paper no. 2005-01-0023. 
 
51. Woulf, N., K. Orgish, et al., “Wisconsin’s Hybrid-Electric Sport Utility Vehicle,” 

FutureTruck Challenge, Michigan, 2003. 
 
52. Baumann, B., G. Washington, et al., “Mechatronic Design and Control of Hybrid 

Electric Vehicles,” IEEE/ASME Trans. Mechatronics, vol.5, pp.58-72. 2001. 



 112 

 
53. Schouten, N., M. Salman, and N. Kheir, “Fuzzy Logic Control for Parallel Hybrid 

Vehicles,” IEEE Trans. Control Technol., vol. 10, pp.460-468, 2002.  
 
54. Won J., and R. Langari, “Fuzzy Torque Distribution Control for a Parallel Hybrid 

Vehicle,” Expert Systems, Vol.19, Feb., 2002. 
 
55. Altrock, C., Fuzzy Logic and NeuroFuzzy Applications Explained, Englewood 

Cliffs, NJ, Prentice Hall PTR, 1995 
 
56. Parten, B, FutureTruck 2003 May Report, Texas Tech, 2003. 
 
57. He, X, Low voltage system design in fuel-cell powered vehicle, MS Thesis, Texas 

Tech, 2003. 



 113 

APPENDIX 

The vehicle powertrain control system architecture is shown. 

 

Figure A.1 Powertrain Control System Architecture 
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The engine control unit signal conditioning circuit schematic and printing circuit board 

(PCB) are shown. 

   

Figure A.2 Signal Conditioning Circuit Schematic 

 

  

 


