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ABSTRACT 

 

With shrinking energy reserves, and rising concerns for the environment, the need 

for fuel efficient and low emission vehicles is increasing day by day. The EcoCAR 

Challenge is a three-year competition that builds on the 19-year history of the 

Department of Energy [DOE] advanced vehicle technology competition. DOE has joined 

with General Motors (GM), Natural Resources Canada, and other sponsors for this new 

competition series. EcoCAR will challenge university engineering students across North 

America to re-engineer a GM vehicle to achieve improved fuel economy and reduce 

emissions while retaining the vehicle’s performance and consumer appeal. The team from 

Texas Tech University is planning to modify a conventional Saturn VUE into a Hydrogen 

Fuel Cell propelled vehicle. Powertrain System Analysis Toolkit is used to create a 

simulation model of the fuel cell vehicle and to conduct performance and fuel economy 

tests to analyze the characteristics of the vehicle before actually designing it. This thesis 

describes the creation of the simulation model in PSAT and analyzes the performance 

and fuel economy characteristics of the vehicle for various parameters and conditions. 
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CHAPTER 1 

1 INTRODUCTION 

  

1.1 Energy and Emissions Concerns 

The increasing number of vehicles on the road and the dependency on limited 

natural resources has raised questions about vehicular environmental impacts and 

sustainability. The automobile market is booming in developing countries like China and 

India while in markets such as United States and Europe, the need for vehicles is 

increasing day by day. China surged past Japan to become the world's No. 2 vehicle 

market after the United States last year as car purchases by newly affluent drivers jumped 

37 percent [1]. The first National Household Travel Survey of the 21st century shows that 

an average of 1.9 personal vehicles is owned or available to U.S. households — more 

than the 1.8 drivers per household [2]. From these market trends it is understood that the 

number of vehicles on the roads throughout the world is going to increase on a daily 

basis. 

 The current conventional energy supply system is causing the depletion of fossil 

energy sources and pollution of the environment. The environmental pollutions include 

emission of greenhouse gases and the release of harmful chemicals. The excessive 

amount of greenhouse gases damages the ozone layer of the atmosphere thereby 

increasing the temperature and causing the entry of harmful radiations into the earth’s 

atmosphere. A large rise in average temperatures (10°C) could wreak havoc on the 

Earth’s environment. Figure 1 gives an idea of the increase in global earth atmospheric 

temperature from 1861-1996. Sea levels could rise up to twenty feet due to melting of 

Antarctic ice, inundating most major ports, many animal species could become extinct 

due to fast ecosystem changes, and large areas of land could become desert due to 

decreased precipitation [3].  

Practically, the combustion of hydrocarbon fuels in combustion engines is never 

ideal. Besides carbon dioxide and water, the combustion products contain a certain 

amount of nitrogen oxides, carbon monoxides and unburned hydrocarbons. Nitrogen 
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oxides constitute of nitric oxide, small amounts of nitrogen dioxide and traces of nitrous 

oxides also. The nitric oxide reacts with the oxygen in the atmosphere to form nitrogen 

dioxide. Nitrogen dioxide is partly responsible for smog. It also reacts with atmospheric 

water to form nitric acid which dilutes in the rain and creates the phenomenon ‘acid rain’ 

[4]. This acid rain in turn is responsible for the destruction of forests in industrialized 

countries and also causes the degradation of monuments made of marble [5]. Carbon 

monoxide is poisonous to human beings and animals if they breathe it. Once carbon 

monoxide reaches the blood cells, it fixes to hemoglobin in place of oxygen, thus 

diminishing the quantity of oxygen to reach the organs and hence reducing the physical 

and mental abilities of the affected living being [4]. The unburned hydrocarbons may be 

direct poisons or carcinogenic chemicals such as particulates, benzene, etc. Unburned 

hydrocarbons are responsible for smog. The Sun’s ultraviolet radiations interacts with the 

unburned hydrocarbons and nitric oxide to form ozone which in turn attacks the 

membranes of living cells, thus causing them to age prematurely or die [4]. Hence all of 

these pollute the atmosphere in some way or other thereby affecting the living beings of 

the world in an adverse way. The United States has committed to reducing the 

greenhouse gas intensity of the American economy by 18 percent over the 10-year period 

from 2002 to 2012 [6]. 

The conventional vehicle concept which has an internal combustion engine fueled 

by gasoline or diesel was developed in the late 1800’s. The increase in the number of 

vehicles increases the world oil consumption. The plot in figure 2 shows the trend in oil 

consumption from 1980 to 1998. Figure 3 shows the trend in the oil consumption region 

wise which includes the regions North America, Asia Pacific, Western Europe, Eastern 

Europe and former USSR, South and Central America, Middle East and Africa. In order 

to reduce the consumption of diminishing oil reserves, much money and effort has been 

put in to improve the fuel economy of the conventional vehicles and also to reduce the 

emissions from them. But this conventional vehicle concept may not be good enough to 

meet the energy and emission concerns in the future. 
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1.2 Solutions to the Energy and Emission Crisis 

A possible solution to the energy and emission crisis would be to use alternative 

fuels in place of the conventional fuels. The term 'alternative fuel' can imply any 

available non-conventional fuel or energy source such as biodiesel, ethanol, methanol, 

butanol, chemically stored electricity (batteries and fuel cells), hydrogen, non-fossil 

methane, non-fossil natural gas, vegetable oil and other biomass sources. Of the above 

mentioned alternative fuels, hydrogen is the fuel of interest here.  

Another possible solution to the energy and emission crisis would be the 

development of non conventional vehicle technologies such as electric vehicles, hybrid 

electric vehicles and fuel cell vehicles.  

 

1.2.1 Electric Vehicles 

Electric vehicles are those vehicles which use an electric motor for traction and 

chemical batteries, ultra capacitors or flywheels as their corresponding energy sources. At 

the time of operation, the electric vehicle has many advantages over the conventional 

internal combustion engine vehicle such as absence of emissions, high efficiency, 

independence from petroleum, and quiet and smooth operation [7]. But depending on the 

method used to generate electricity, there will be emissions as well as usage of petroleum. 

The greatest concern regarding an electric vehicle would be the range of operation of the 

vehicle. The operation range per battery charge of electric vehicles is less competitive 

than internal combustion engine vehicles due to the low energy content of the batteries 

when compared to the high energy content of gasoline [12]. Since the energy sources 

need to be recharged, the range of operation for an electric vehicle will be limited thereby 

making it inconvenient for long distance travel. 

 

1.2.2 Hybrid Vehicles 

Hybrid vehicles are those vehicles which have two or more energy sources to 

propel the vehicle. These energy sources could be an internal combustion engine that runs 

on gasoline or diesel, a rechargeable energy storage system, an electric motor, etc [13]. 
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When a combination of an internal combustion engine and an electric motor is used, the 

vehicle is known as a hybrid electric vehicle. A hybrid electric vehicle incorporates the 

advantages of both electric and internal combustion engine vehicles and eliminates the 

disadvantages of both to a certain extent. The main disadvantage regarding this system is 

the complication involved in designing the appropriate power train configuration. Hybrid 

electric vehicles reduce the emissions but do not eliminate them completely because 

whenever the internal combustion engine is working, there will be emissions. 

Fuel cell vehicles are those vehicles that incorporate the alternative fuel 

technology as well as non conventional propulsion technology. In fuel cells, hydrogen is 

used as the fuel and an electric motor propels the vehicle. This thesis is a detailed study in 

to the hydrogen fuel cell technology and further substantiating the advantages of this 

technology using simulation software called Power Train System Analysis Toolkit 

(PSAT). 
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Figure 1 : Global Earth Atmospheric temperature [4]. 

 

Figure 2 : Trend in world oil consumption [4]. 
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Figure 3: Oil Consumption per region [4]. 

 

 
 

  

6 

 



Texas Tech University, Jacob Jean, Aug 2009 

7 

 

CHAPTER 2 

2 HYDROGEN – FUTURE OF ALTERNATIVE FUELS 

 

2.1 Fuel 

A fuel in general terms may be defined as a substance containing mostly carbon 

and hydrogen which on burning with oxygen produces a large amount of heat. The heat 

energy that is derived out of this may be utilized in different ways. An important property 

of a useful fuel is that its energy can be stored to be released only when needed and that 

the release is controlled in such a way that the energy can be harnessed to produce work. 

Based on the state, fuels may be classified as solid, liquid and gaseous fuels. 

Solid Fuel- Solid fuel consists of wood, peat, coal etc. Mineral coals consist of 

black coal with the principle component of carbon [8]. 

Liquid Fuel- Almost all the commercial liquid fuels are derived from natural 

petroleum or crude oil which is obtained from bore holes in the earth’s crust. The liquid 

fuel consists of hydro-carbons. The natural petroleum may be separated into petrol or 

gasoline, paraffin oil or kerosene, fuel oils and lubricating oils by boiling the crude oil at 

different temperatures and subsequent fractional distillation or by a process such as 

cracking [8]. 

Gaseous Fuel- The natural gas is usually found in or near the petroleum fields 

under the earth’s surface. It essentially consists of marsh gas or methane together with 

small amounts of other gases like ethane, carbon dioxide or carbon monoxide [8]. 

The rapid depletion of petroleum fuels, their ever increasing costs and their 

negative effect on the environment led to an intensive search for alternative fuels. 

 

2.2 Alternative Fuel 

An alternative fuel may be defined as any non-petroleum energy source that 

provides the same function as petroleum fuel. According to the Energy Policy Act of 

1992, biodiesel, electricity, ethanol, hydrogen, methanol, natural gas and propane have 
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been defined as alternative fuels which currently are or have been commercially available 

for vehicles [9]. 

As there is an increase in the oil prices on a daily basis, the interest in the 

alternative fuels is also increasing. In order to allow a wider application of alternative 

fuels, many economic, technological and infrastructural issues have to be overcome [14]. 

These fuels are being used worldwide in a variety of vehicle applications. Figure 4 

represents the number of on road alternative fuel vehicles and hybrid vehicles made 

available by both the original equipment manufacturers and aftermarket vehicle 

conversion facilities for 2006 in U.S. Using these alternative fuels in vehicles can 

generally reduce harmful pollutants and exhaust emissions. In addition, most of these 

fuels can be domestically produced and derived from renewable sources. Table 1 shows 

the comparison of well to pump energy usage of different alternative fuels. Table 2 shows 

the relative energy changes of various alternative fuels with respect to gasoline. 

Among the above mentioned fuels, hydrogen appears to be the most promising 

substitute for the petroleum fuels. 

 

2.3 Hydrogen – Simplest Element 

Hydrogen is the chemical element with atomic number 1 represented by the 

symbol H. At standard temperature and pressure, hydrogen is a colorless, odorless, 

nonmetallic, tasteless, highly inflammable diatomic gas with the molecular formula H2. 

With an atomic mass of 1.00794 Amu, hydrogen is the lightest element [10].  

Hydrogen consists of one proton and one electron. Hence it can be considered to 

be the simplest element also. More properties of hydrogen are listed in table 3. Hydrogen 

has three common isotopes. The simplest isotope, called protium, is just ordinary 

hydrogen. The second one, a stable isotope called deuterium, was discovered in 1932. 

The third isotope, tritium, was discovered in 1934 [18]. 

Hydrogen in gaseous state takes up a lot of space since it is not very dense. Hence 

much energy is required to compress hydrogen gas into a storage tank. To liquefy 

hydrogen, extremely cold temperatures in the range of - 253°C will be required [16]. This 
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process also consumes a lot of energy. Hydrogen contains more energy per unit of mass 

than any known fuel but it has low energy content per unit volume. Hydrogen’s energy 

content is 120.7 kJ/gm which is almost three times the energy content of gasoline and 

seven times that of coal [16]. Hydrogen is highly flammable in the presence of air and 

has a wide flammability range which means that it will burn in low as well as high 

concentrations (4% to 74% by volume in air) [16]. 

 

2.4 Sources of Hydrogen 

Hydrogen is the most abundant element in the universe, roughly 75 percentage of 

the universe’s elemental mass [11]. The Sun is a ball of hydrogen and helium gases. The 

Sun’s core undergoes a reaction by which hydrogen atoms combine to form helium 

atoms. This process is called fusion which in turn radiates out huge amounts of energy. 

Thus hydrogen is the heat and light source of the Sun. The energy emitted from the other 

stars is the result of hydrogen fueled reactions also [16]. The estimated abundance of 

hydrogen on the earth’s crust is 1.40×103 milligrams per kilogram approximately and its 

oceanic abundance is 1.08×105 milligrams per liter approximately [18]. Hydrogen can be 

produced from fossil fuels like natural gas, petroleum, coal etc. Hence, the fossil fuels 

also provide a good source of hydrogen. Renewable energy sources like wind and solar 

power can also be used in the production of hydrogen [19]. 

Hydrogen combines with most of the elements other than the inert gases. Hence in 

nature, hydrogen can be found in compounds where it is bonded to some other elements. 

For example it is bonded with oxygen in water and with carbon in the hydrocarbon fuels 

such as natural gas, coal etc. Hence earth’s supply of hydrogen cannot be considered to 

be a source of energy like oil or gas. It is better to consider Hydrogen as an energy carrier 

[16].  

 
2.5 Production of Hydrogen  

Hydrogen can be produced by unlocking the chemical bonds in water, 

hydrocarbons and other compounds, but all the methods consume energy since the 
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chemical bonds in these compounds are strong and stable. For example, electricity is 

required to split water into hydrogen and oxygen or heat is required to extract hydrogen 

from fossil fuels such as natural gas. The two primary conventional methods of producing 

hydrogen today are reforming of hydrocarbon fossil fuels and electrolysis of water [20]. 

 

2.5.1 Steam Reforming 

This is an industrial production method for hydrogen where it is produced from 

methane which is the main constituent of natural gas. In this process, a mixture of 

methane and water vapor at elevated temperature undergoes an endothermic reaction to 

produce hydroge 7n [1 ]. 

R4 R 3 R22  

where the enthalpy change ∆ P

0 -1

-1

 ∆ P

0,   (1) 
 

equals 252.3 kJ mol at ambient pressure and temperature 

of 0.1 MPa and 298 K, and 206.2 kJ mol  if the water is already in gaseous form [17]. 

This reaction requires a catalyst which is generally nickel or a nickel compound with 

aluminium oxide, cobalt, alkali and rare earth mixtures [17]. In order to improve the 

efficiency of hydrogen production and reduce the carbon monoxide content, the products 

of the above reaction undergoes another reaction known as the shift reaction as shown 

below.  

R2  R2 R2  ∆ P

0 ,   (2) 
 

This reaction occurs in a separate reactor and the heat from this reaction is 

recovered and recycled back to the first reaction.  

The carbon monoxide content left in the products after the shift reaction will be in 

the range of 0.3 to 3%. The hydrogen produced by this method cannot be used in a proton 

exchange membrane fuel cell because the level of carbon monoxide contamination in the 

produced hydrogen must be below 50 parts per million to be used in the fuel cell [17].  

Hence carbon monoxide cleansing techniques like preferential oxidation, methanation or 

membrane separation have to be further used. The commonly used method is preferential 

oxidation which has the following reaction. 
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0.5 R2 R2 283 ,   (3) 
 

Almost 96% of the hydrogen produced currently comes from steam reforming of 

fossil fuels. This can be further split as 48% from natural gas, 30% from reforming oil 

and 18% from coal [16]. 

 

2.5.2 Dry Reforming 

There is an alternative method to the steam reforming where methane is reformed 

in a stream of b d  h in  of steam.   car on dioxi e rather t an  a stream

R4 R2 2 2 R2 247.3 , R    (4) 
 

This method is known as dry reforming. The reaction is as shown above [17]. 

 

2.5.3 Autothermal Reforming 

Autothermal reforming is another alternative to steam reforming where oxygen 

and carbon dioxide are both allowe   d to react with methane.

2 R4 R2 R2 3 3 R2 R2 , R    (5) 
 

This exothermic reaction takes place in a single chamber where the methane is partially 

oxidized as shown above [21]. 

 

2.5.4 Electrolysis 

Electrolysis is a method of producing hydrogen and oxygen by passing electric 

current through water and splitting it in to its respective molecules. The reaction for this 

process is as follows. 

2 R2  2 R2 R2   (6) 
 

During electrolysis, electric current enters in to a container of water through one 

portion known as the cathode, a negatively charged electrode. The water in the container 

is made conductive by adding an electrolyte which is either acidic or basic in nature. The 
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current passes through the water and comes out through another portion known as the 

anode, a positively charged electrode. The electric current splits the water in to its 

respective molecules and the hydrogen collects at the cathode and oxygen at the anode 

[16]. A schematic of the water electrolysis cell is shown in figure 5.  

The hydrogen produced by this method is purer than that produced by reforming 

methods. Hence hydrogen produced by electrolysis finds its use in applications such as 

electronics manufacturing, where high hydrogen purity is required [17].  

Hydrogen production by electrolysis is a very expensive process as it requires 

much electricity. Hence the hydrogen produced by this method forms only 4% of the total 

hydrogen produced [16]. 

 

2.6 Storage and Transport of Hydrogen  

The complexities of storing and transporting hydrogen limit the use of hydrogen 

in many industrial applications. The low volume density of hydrogen makes its storage in 

containers expensive, however compressed hydrogen storage is considered a convenient 

option for many applications. The best form of hydrogen storage is determined by the 

application where it is to be used. Applications in the transportation sector require storage 

in a volume that can be accommodated within the vehicle and a weight that does not limit 

the performance of the vehicle [17]. 

 

2.6.1 Compressed Gas Storage 

Standard cylindrical flasks use pressures of 10-20 Mpa [17], and motorcar fuel 

cell application uses pressures in the range of 35-70 Mpa [22]. For stationary 

applications, the storage flasks are usually made of steel or aluminium-lined steel. For 

vehicle applications, the weight of steel prevents it from being used. Hence in vehicle 

applications, lightweight cylinders made of a variety of materials such as polymer liners, 

multiple shells and composite fibre wraps are used [22]. Considering the mechanical and 

physical properties, carbon composite would be the ideal material for manufacturing the 

cylinders [23]. 
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2.6.2 Liquefied Hydrogen Storage 

Hydrogen liquefies at cryogenic temperatures in the range of 20 K. In the liquid 

state, hydrogen takes up just 1/700th as much volume as the gaseous state [22]. Hence 

liquefaction helps in reducing the size of the storage tank. One advantage of using 

liquefied hydrogen is that the storage tanks need not be highly pressurized and can be 

filled up faster than the compressed gas tanks. However, the process of liquefaction 

consumes much more energy than compression. The process consumes almost 30% to 

35% of the hydrogen’s energy content or 11 to 12 kWh of electricity per kilogram of 

hydrogen liquefied [22]. The cryogenic storage tank also requires several layers of highly 

insulating material, thus making them costlier. Another major issue with liquid hydrogen 

storage is evaporation or boil-off. In spite of having these disadvantages, much research 

is being conducted to study utilization of liquefied hydrogen in vehicles. 

  

2.6.3 Advanced Storage Technologies 

In advanced technologies, atomic hydrogen is incorporated into the structure of 

metals and other materials for storage options. Three mechanisms which are used for 

binding hydrogen into the storage materials are absorption, adsorption and chemical 

reaction [22]. An example of absorption is metal hydrides, where the metals absorb 

atomic hydrogen into their crystalline structure. Figure 6 shows a metal hydride storage 

process. In adsorption, hydrogen is bonded onto highly porous materials with a lot of 

surface area. In the chemical reaction method, a chemical reaction takes place between 

hydrogen and the storage medium [22]. Figure 7 shows this storage method where the 

chemical storage material is sodium borohydride. 

 

2.6.4 Hydrogen Transport 

Transporting hydrogen at a low cost is one of the biggest challenges to be faced in 

the development of a hydrogen infrastructure. Currently, it has been estimated that the 

cost of delivering hydrogen to dispersed customers is approximately five times more 
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expensive than producing hydrogen [22]. Hydrogen in the form of compressed gas is 

carried by trucks and trailers typically to travel short distances in the range of 100-200 

miles from the production facility. For travelling longer distances, cryogenic tankers 

carry hydrogen in the liquefied form. When large volume of hydrogen is required, 

delivering hydrogen through pipelines would be the most cost effective method. Some of 

the natural gas pipelines that are being used currently could be used while most of the 

pipelines will have to be redesigned to transport hydrogen. As the hydrogen molecules 

are smaller than natural gas molecules, they have a higher tendency of escaping from the 

conventional pipelines. Also the exposure of the conventional pipelines to hydrogen will 

make them brittle. All of these factors increase the cost of transporting hydrogen [22]. A 

cost comparison study between natural gas pipelines and hydrogen pipelines conducted 

by Argonne National Laboratory is shown in table 4. This table provides an indication of 

the increase in cost that will be incurred when hydrogen is to be transported on a large 

scale. Apart from this, setting up a hydrogen fueling station infrastructure will be costly. 

For a good future for hydrogen economy, extensive research is required in reducing these 

costs. 
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Table 1: Well to Pump Energy Usage [32] 
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Total Energy  313,094  1,242,503 2,271,116 288,944 1,634,578  730,192 
WTP 

Efficiency 76.2% 44.6% 30.6% 77.6% 38.0% 57.8% 

Fossil Fuels 253,935  598,086  196,099  232,503 1,579,940  702,577 

Coal 45,979  152,630  -6,610  42,299  1,073,284  136,175 

Natural Gas 114,680  361,846  138,316  108,555 421,285  550,939 

Petroleum 93,276  83,611  64,392  81,649  85,372  15,463  

CO2 15,308  -10,267  -1,410  13,930  217,420  109,198 

CH4 107.392 109.647 88.797 105.226 302.861 358.997 

N2O 2.861 29.973 0.598 2.718 3.215 0.524 

GHGs 18,845  1,406  988  17,371  225,950  118,329 
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Table 2: Relative Energy Changes to Gasoline [32] 
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Total 
Energy  3.5% 76.8% 59.2% 114.9%

-
15.3% -40.7% -40.7% 

Fossil 
Fuels -2.0% -29.1% -40.5% -30.8% 

-
19.6% -45.5% -39.0% 

Coal 11.7% 270.7% 241.8% 
-

113.4%
-

14.4% 982.8% 43.8% 
Natural 

Gas 10.6% 248.8% 221.1% 11.1% 
-

12.8% 78.0% 550.0%

Petroleum -3.8% -67.6% -76.8% -31.7% 
-

20.5% -97.0% -99.4% 

CO2 -2.2% -30.8% -42.0% -31.1% 
-

18.0% -34.0% -49.5% 

CH4 -2.5% -0.5% -13.3% -33.7% 
-

21.5% -23.0% 38.9% 

N2O 43.3% 836.9% 782.3% -25.9% 25.8% -73.1% -93.3% 

GHGs -1.7% -20.9% -32.6% -31.1% 
-

17.7% -34.1% -47.5% 
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Table 3: Properties of Hydrogen [17] 
 

Atomic Number 1 

Electron binding energy in 1s ground state 2.18 aJ 

Molar Mass, H2 2.016 gm mol-1 

Dissociation energy, H2 to 2H at infinite separation 0.71 aJ 

Density, H2, at 101.33 kPa and 298 K 0.084 kg m-3 

Melting Point at 101.33 kPa 13.8 K 

Boiling Point at 101.33 kPa 20.3 K 

Heat Capacity at constant pressure and 298 K 14.3 kJ K-1 kg-1  

 

 

Table 4: Capital Cost Comparison Study- Argonne National Laboratory [22] 
 

Pipe Diameter, Inches Natural Gas Cost, $/mile Hydrogen Cost, $/mile

3 200,000 400,000 

9 500,000 900,000 

12 600,000 1,000,000 

14 800,000 1,400,000 
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Figure 4: Number of alternative fuel and hybrid vehicles made available by vehicle type, 
2006 [15] 

 

 

Figure 5: Layout of a Water Electrolysis Cell [17] 
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Figure 6: Metal Hydride Storage Process [22] 
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Figure 7: Chemical Hydride Storage Process [22] 
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CHAPTER 3 

3 FUEL CELL TECHNOLOGY 

 

3.1 Fuel Cell – Basic Concept 

 

A fuel cell may be defined as a device which converts the stored chemical energy 

into electrical energy directly. Hence, technically a fuel cell is an electrochemical 

conversion device [25]. The first fuel cell was invented by Sir William Grove in 1839. Sir 

William named it the ‘gas voltaic battery’ [25]. Fifty years later, scientists Ludwig Mond 

and Charles Langer coined the term ‘Fuel Cell’ [25]. Figure 8 shows the schematic of a 

fuel cell. 

 A fuel cell has two electrodes, one negative and one positive, known, 

respectively as the cathode and anode. The reactions that produce electrical energy takes 

place at these electrodes. A fuel cell also has an electrolyte, which is a medium through 

which the electrically charged particles move from one electrode to the other one. In 

some fuel cells, there are catalysts which speed up the reaction at the electrodes.  

Different combinations of electrodes are used in fuel cells. The most commonly 

used electrodes are carbon and nickel. Other electrodes include hydrocarbons and 

alcohols [26]. The main electrolyte types are alkali, molten carbonate, phosphoric acid, 

proton exchange membrane (PEM) and solid oxide. The first three are liquid electrolytes 

and the last two are solids [27]. The catalysts used comprises of a platinum group metal 

or an alloy [26]. 

The general working principle of a hydrogen fuel cell can be described as follows. 

The hydrogen atoms are supplied to the anode through an external source. Here a 

chemical reaction takes place and the hydrogen atom disintegrates into positively charged 

hydrogen ions and negatively charged electrons. These electrons are allowed to pass 

through an external circuit thereby providing the electric current. The hydrogen ions 

move through the electrolyte to the cathode where oxygen is supplied. The oxygen 

further combines with these hydrogen ions and the electrons returning from the circuit to 
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form water. Fuel Cells are different from batteries in that they consume reactants from an 

external source which must be refilled, whereas batteries have chemicals stored within 

them [26]. The reactants continuously flow into the fuel cell and the products will 

continuously flow out of it. 

A typical fuel cell gives out voltage in the range of 0.6-0.7 Volts at full rated load. 

To obtain more current or voltage, fuel cells are arranged in parallel or series circuits 

respectively. This combination of fuel cells is known as a fuel cell stack [26]. 

 

3.2 Types of Fuel Cells 

 

There are several types of fuel cells based on their chemistry. Fuel cells are 

usually classified by their operating temperatures and type of electrolyte as described in 

detail below: 

 

Proton exchange membrane fuel cell 

The Proton exchange membrane fuel cell also known as polymer exchange 

membrane fuel cell has a polymer electrolyte in the form of a thin permeable sheet [27]. 

It has a high power density and a relatively low operating temperature ranging from 60 to 

80 degrees Celsius, or 140 to 176 degrees Fahrenheit [25]. These fuel cells can generate 

power in the range of 100W–500kW and have an operating efficiency in the range 30-

50% [26]. Since its operating temperature is low, this fuel cell will warm up quickly and 

start generating electricity. Hence it finds its applications in automobiles. This fuel cell is 

discussed in detail in the next section. 

 

Solid oxide fuel cell 

Solid oxide fuel cells use a hard ceramic compound of zirconium oxide as their 

electrolyte [28]. This type of fuel cell operates at very high temperatures in the range 

700-1000 degrees Celsius [25]. These fuel cells can generate power up to 100MW and 

they have an operating efficiency in the range 55-60% [26]. A schematic of the solid 



Texas Tech University, Jacob Jean, Aug 2009 

23 

 

oxide fuel cell is shown in figure 9. One of the main differences in the working of this 

fuel cell is the change in electrode reactions. Here, oxygen ions are transported to the 

anode instead of hydrogen ions being transported to the cathode [28]. Since these fuel 

cells can generate high power output, they find applications in large-scale stationary 

power generators that could provide electricity for factories or towns [25]. The high 

operating temperature causes the parts of the fuel cell to break down over a period of 

time. But the high temperature has an advantage that the steam produced by the fuel cell 

can be recycled by channeling into turbines to generate more electricity. This process is 

called co-generation of heat and power which in turn improves the overall efficiency of 

the system [25]. 

 

Alkaline fuel cells 

Alkaline fuel cells use an aqueous potassium hydroxide solution as the electrolyte. 

They have operating temperatures in the range 70-100 degrees Celsius [28]. These fuel 

cells can generate power in the range 10-100kW and they have an operating efficiency of 

approximately 60% [26]. Figure 10 provides a schematic of an alkaline fuel cell. The 

hydrogen fuel used must have a high level of purity as the alkaline solution is highly 

reactive [28]. These fuel cells were used in spacecraft applications, for example they 

were used in the Apollo spacecraft for providing electricity and water [27]. Higher cost 

and requirement of highly purified hydrogen makes these fuel cells less practical.  

 

Molten-carbonate fuel cell 

The electrolyte used in the molten carbonate fuel cell is a compound of sodium or 

magnesium carbonate. Their operating temperature is in the range of 600-650 degrees 

Celsius [27]. These fuel cells have an operating efficiency in the range 45-55% and can 

generate power up to 100MW [26]. These fuel cells can be used for stationary 

applications like large stationary power generators [25]. The schematic of a molten 

carbonate fuel cell is shown in figure 11. The cathode material is nickel oxide with 

additives of magnesium or iron and the anode used is nickel with aluminium or 
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chromium as the additives [28]. As shown in figure 11, carbonate ions will be formed at 

the cathode and it travels through the electrolyte and combines with the hydrogen at the 

anode to form carbon dioxide and water thereby releasing electrons. These electrons are 

further passed through the external circuit to generate electricity. The nickel electrode-

catalysts are inexpensive compared to the platinum used in other cells. The high 

temperature limits the materials and safe uses of these fuel cells for home use [27].  

 

Phosphoric-acid fuel cell  

Phosphoric-acid fuel cells use phosphoric acid as the electrolyte, porous carbon as 

the electrodes and platinum as the catalyst [28]. Figure 12 presents a schematic of a 

phosphoric-acid fuel cell. The phosphoric acid fuel cell’s operating temperature is in the 

range 150-200 degrees Celsius [29]. These fuel cells in practical use have been 

generating outputs of 200kW and units generating outputs up to 11MW have been tested 

[27]. Their operating efficiency is found to be in the range 40-55% [26]. They operate at 

a higher temperature than polymer exchange membrane fuel cells, so it has a longer 

warm-up time. Hence it is unsuitable for use in cars [25]. 

 

Direct methanol fuel cell 

The direct methanol fuel cell uses a polymer membrane as its electrolyte [26]. 

Hence, these fuel cells are comparable to proton exchange membrane fuel cells, but are 

not as efficient [25]. They have working temperature in the range 90-120 degrees Celsius 

and efficiencies in the range 20-30% [26].  Figure 13 shows the schematic of a direct 

methanol fuel cell. The advantage of these fuel cells over proton exchange membrane 

fuel cells is that methanol is easier to store than hydrogen. One of the main problems with 

this type of fuel cell is that carbon dioxide is a byproduct of the reactions in the fuel cell 

which contradicts the purpose of using the fuel cell to reduce the green house gas 

emissions. Also, the power densities obtained are almost ten times lower than for 

hydrogen powered fuel cells [28]. These fuel cells also require a relatively large amount 

of platinum to act as a catalyst, which makes them expensive [25]. 
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Biofuel Cell 

 Hydrogen production from biomass is achieved by biological fermentation or by 

bacterial or algae decomposition of water. Hydrogen is also a byproduct of 

photosynthesis. The basic concept for a biofuel cell comes from the above mentioned 

principles [28]. Experiments have been conducted where in 100 m3 of algae culture 

generated 475W of power over a period of 25 hours [28]. The main problem with this 

fuel cell is that, the power generated varies continuously as the hydrogen production from 

the biological systems is variable [28]. Hence these fuel cells have not found practical 

applications yet. 

 

3.3 PEM Fuel Cell 

 

The proton exchange membrane fuel cell or the polymer electrolyte membrane 

[PEM] fuel cell derives its name from the polymer electrolyte used in it. The schematic of 

a PEM fuel cell is shown in figure 14. The PEM fuel cell consists of a polymer 

electrolyte membrane sandwiched between the anode and cathode. The membrane 

material usually used is polyperfluorosulphonic acid [28]. This membrane conducts the 

positively charged hydrogen ions through it and does not conduct electrons through it 

[30]. The electrode plates are typically made of nickel or carbon, and are coated with 

catalysts like platinum, nano iron powders, palladium, platinum-ruthenium alloy etc [26].  

A continuous supply of hydrogen is provided at the anode side while oxygen is 

supplied at the cathode side. The catalyst at the anode helps in breaking down the 

hydrogen molecules into positively charged hydrogen ions and negatively charged 

electrons. The reaction taking place at the anode is shown below: 

2H2    4H+  +  4e-   (7) 
 

The hydrogen protons then pass through the membrane and reach the cathode while the 

electrons are allowed to pass through an external circuit to finally reach the cathode. At 
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the cathode, the catalyst helps in combining the oxygen with the hydrogen protons and 

the electrons to form  9  r n king place at the cathode is shown below:  water [2 ]. The eactio  ta

O2  4H   4e‐   O   (8) 2H2  
 

The working of a PEM fuel cell is shown in figure 15. This reaction in a single cell 

produces about 0.7 volts and at full load produces about 1.1 volts in an open circuit [25]. 

To produce higher voltages, many cells must be combined to form a fuel-cell stack. 

Bipolar plates are generally used to connect one cell to another to form a fuel cell stack. 
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Figure 8: Fuel Cell [24] 
 

 
 

Figure 9: Solid Oxide Fuel Cell [27] 
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Figure 10: Alkaline Fuel Cell [27] 
 
 

 
 

Figure 11: Molten Carbonate Fuel Cell [27] 
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Figure 12: Phosphoric Acid Fuel Cell [27] 
 

 
 

Figure 13: Direct Methanol Fuel Cell [29] 
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Figure 14: Proton Exchange Membrane Fuel Cell [30] 

 

Figure 15: Working of a Proton Exchange Membrane Fuel Cell [31]. 
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CHAPTER 4 

EcoCAR - THE NEXT CHALLENGE 

 

EcoCAR: The NeXt Challenge is a three-year collegiate advanced vehicle 

technology engineering competition established by the United States Department of 

Energy (DOE) and General Motors (GM), and is being managed by Argonne National 

Laboratory [34].  

The competition challenges seventeen universities across North America to 

reduce the environmental impact of vehicles by minimizing the vehicle’s fuel 

consumption and reducing its emissions while retaining the vehicle’s performance, safety 

and consumer appeal [34]. A real-world engineering process is used to design and 

integrate the advanced technology solutions into a 2009 Saturn Vue [34].  

In this competition, students design and build advanced propulsion solutions that 

are based on vehicle categories from the California Air Resources Board (CARB) zero 

emissions vehicle (ZEV) regulations [34]. They explore a variety of cutting-edge clean 

vehicle solutions, including full-function electric, range-extended electric, hybrid, plug-in 

hybrid and fuel cell technologies [34]. In addition, students will incorporate lightweight 

materials into the vehicles, improve aerodynamics and utilize alternative fuels such as 

ethanol, biodiesel and hydrogen [34]. 

The Advanced Vehicle Engineering Laboratory at Texas Tech University is also 

participating in this competition. The simulations used in this thesis are part of a proposal 

submitted to the Department of Energy to secure a place in this competition. 
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CHAPTER 5 

MODELING USING POWERTRAIN SYSTEMS ANALYSIS TOOLKIT 

 

5.1 PSAT - A Forward Facing Model 

In this world of growing competitiveness, the role of simulation in vehicle 

development is increasingly critical. Because of the large number of possible advanced 

vehicle architectures, it is impossible to manually build every single powertrain 

configuration due to time and cost constraints. The Powertrain Systems Analysis Toolkit 

(PSAT) is a state-of-the-art flexible and reusable simulation package, developed by 

Argonne National Laboratory and sponsored by the U.S. Department of Energy (DOE). 

The software provides accurate performance and fuel economy simulations. It gives 

automotive manufacturers and their suppliers the ability to efficiently assess advanced 

technologies and support their product decisions. 

PSAT is a graphical user interface (GUI)-driven application (Figure.16), which 

makes it very easy to use. It has been developed with Matlab/Simulink and the software 

simulates more than 200 predefined configurations, including conventional, electric, 

hybrids, and fuel cells. PSAT has the ability to create different vehicle architectures and 

simulate the newly designed vehicle for fuel economy and performance.  

The graphical user interface can display the selected drivetrain configuration from 

the architectures available, and then each component from vehicle mass to the size of the 

engine. If the desired component is not available, the closest match can be selected and 

the parameters changed to fit a particular component. 

There are two ways to customize the components. First, each component has its 

behavior defined using Simulink blocks and an M file (initialization file) that has the 

vehicle parameters and lookup tables. If the model is not correct, changes can be made to 

the parameters in the M file. For example, if the battery pack we have has a smaller Amp-

hour (Ah) capacity, then a change can be made in the M-file to reflect the correct value. 

Second, if the component is too complicated to make a change, the component can be 
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scaled (scaling file) down or up in the drivetrain component selection. This versatility 

was used to model the vehicle components for the simulations. To simulate a model in 

PSAT, there are several steps to be followed as shown below: 

1. Selecting the drivetrain configuration. 

2. Selecting the drivetrain components. 

3. Defining the control strategies. 

4. Defining the transients. 

5. Selecting the parameters to be monitored. 

6. Selection of the drive cycle, procedure and performance tests. 

7. Running the simulations and obtaining the results. 

 

5.2 Vehicle Specifications 

The vehicle on which the simulations were conducted is a 2009 Saturn VUE XE. 

The 2009 Saturn VUE XE represents the latest offering from General Motors in the 

popular compact crossover Sports Utility Vehicle segment. This vehicle provides high 

value to the customer while simultaneously meeting the customer’s expectations of 

performance, utility, safety, and economy. The standard XE FWD powertrain includes a 

169 hp DOHC VVT 2.4 L 4 cylinder Ecotec engine mated with a 4T45E 4 speed 

automatic transmission. The production vehicle model achieves an EPA estimated 

19 mpg in the city and 26 mpg on the highway [32]. 

Based on the standard platform of a Saturn VUE, the fuel cell model for 

simulations was created. The main specifications of this vehicle are shown in table 5. A 

95 kW hydrogen fuel cell and a permanent magnet motor delivering 55 kW of continuous 

power and 100 kW of peak power forms the power source of this model. The gearbox 

used is the same as that of the standard vehicle model. A detailed description of each of 

the components is provided in the drivetrain components section.  

 

 

 



Texas Tech University, Jacob Jean, Aug 2009 

34 

 

5.3 Drivetrain Configuration 

Selecting the correct drivetrain configuration is the first step in simulating a 

vehicle using PSAT. There are different types of drivetrain configurations in the PSAT 

library from which the best suiting the model has to be selected.  

The drivetrain configuration that has been used for the production vehicle analysis 

is a 2 wheel drive conventional configuration with an automatic transmission. This 

drivetrain configuration is shown in figure 17. The powertrain consists of an engine, a 

starter, an alternator, torque coupling, torque converter, a gearbox (transmission), final 

drive, differential, half shaft and the driven wheels. The vehicle is propelled by an engine 

which is started with the help of a starter powered by a battery pack. The torque and 

rotating speed of engine output shaft are transmitted to the drive wheels through the 

torque converter, gearbox, final drive, differential and the drive shaft. 

The drivetrain configuration selected for the fuel cell model is shown in 

Figure.18. An automotive power train as shown in the figure consists of a hydrogen fuel 

cell, motor, torque coupling, a gearbox (transmission), final drive, differential, half shaft 

and the driven wheels. The vehicle is propelled by a motor which is powered by a battery 

pack. The torque and rotating speed of motor output shaft are transmitted to the drive 

wheels through the torque coupling, gearbox, final drive, differential and the half shaft.  

 

5.4 Drivetrain Components 

Selecting the drivetrain components is the next step in modeling the vehicle. 

Drivetrain components can be selected from a list of pre-defined components in the PSAT 

library or new components can be created per the requirement. These new components 

are created by modifying the Matlab file of the existing components or by creating a new 

Matlab file. 

 

5.4.1 Drivetrain Components for Production Vehicle Model 

The engine used in the model is a 2.4 L General Motors Ecotec engine which 

delivers a maximum power of 123 kW at 6200 rpm and a maximum torque of 218 N–m 
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at 5100 rpm. The Ecotec is a double overhead camshaft engine which incorporates 

variable valve timing technology. The engine model shown in figure 19 is ‘eng_map_hot’ 

which simulates engine torque production, fuel consumption, and engine emissions.  

For the engine to start it must compress and ignite an air–fuel mixture; thus, the 

engine must be initially rotated by a simple DC motor, the starter shown in Figure. 20. In 

this model the starter is a 2 kW motor which draws current from the battery. A 66 Ah 

12 V lead battery is used in the model. This battery is also used to power the electrical 

accessories: lamps, radiator fans, windshield wipers, etc. which produces a constant 

power draw of approximately 300 W. The battery is charged via an alternator coupled to 

the engine through a torque coupling. The alternator employed delivers a continuous 

power of 2 kW which is also its peak power. The torque coupling used to couple the 

alternator to the engine has a single gear ratio of 0.8:1. 

Torque from the engine is transmitted to the drive wheels through the torque 

convertor, gearbox and differential. The torque converter provides a hydrodynamic 

coupling between the input and output shafts. The gearbox used is a GM 4 speed 4T45E 

automatic transmission with gear ratios of 2.96:1, 1.62:1, 1.00:1, 0.68:1 for the 1st, 2nd, 3rd 

and 4th gears respectively. The main purpose of the gearbox is to ensure, within 

reasonable limits, that the engine can be allowed to run at a speed that produces sufficient 

torque to drive the wheels as the workload of the vehicle varies. The final drive 

distributes the torque out of the gearbox to each of the front wheels. The differential used 

in the model has a final drive ratio of 3.29:1. A 235–65–R16 wheel/tire model was 

selected. This model simulates a tire with a section width of 235 mm, an aspect ratio of 

65 and a wheel diameter of 16 in which produces a nominal tire diameter of 28.03 in.  

The vehicle body mass is approximated as 1180 kg, the cargo mass as 0 kg and 

the mass of the components as 558 kg which provides an overall vehicle mass of 

1738 kg. The vehicle model calculates speed on the basis of the fed–forward upstream 

inertia of the drivetrain, the mass of the vehicle, and the drag and grade losses. The 

vehicle model selected comes under the category ‘veh_curve_fit_losses_f0f1f2.’ A 

second–degree polynomial is used to model the vehicle losses. This polynomial simulates 
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the force loss due to aerodynamic drag and rolling resistance. The values for the 

coefficients f0, f1 and f2 are 190.24, 4.8625, and 0.5511 respectively. 

 

5.4.2 Drivetrain Components for Fuel Cell Vehicle Model 

The drivetrain components selected for the fuel cell model is shown in figure 19. 

Selection of each of the drive train components is explained in detail below. 

 

5.4.2.1 Fuel Cell 

The fuel cell used for the simulations is a 95 kW hydrogen fuel cell (Data taken 

from the donated components from GM). The fuel cell selected for the simulations is a 

modified version of one of the existing fuel cell models available in the PSAT library. 

Figure 20 shows the pictorial representation of a fuel cell in PSAT. The modifications 

made in the existing initialization file [50 kW fuel cell] are shown in figure 21. 

 

5.4.2.2 Energy Storage 

Several kinds of energy storage devices have been considered for hybrid vehicle 

applications. The primary candidates have been batteries, ultracapacitors, flywheels, and 

accumulators. Batteries store energy electrochemically in the electron bonds between 

molecules; ultracapacitors store energy in the electrical field between oppositely charged 

surfaces; flywheels store energy in the angular momentum of a spinning mass; and 

accumulators store energy as the pressure of a compressed inert gas.  

Four important characteristics of energy storage devices are as follows: 

• Specific energy (joule/kilogram): A larger specific energy means the device can 

store more energy from regenerative braking. It can also be the main source of 

propulsion for longer periods of time. 

• Specific power (watt/kilogram): A larger specific power means the device can 

absorb more regenerative braking power. Specific power also affects the amount 

of assist given during acceleration and subsequently, the extent to which the 

engine size can be reduced. 
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• Operating temperature: The energy storage device must be able to operate at low 

temperatures and, in the case of batteries, be able to turn the engine or fuel cell 

on. 

• Cycle life: Because of the frequent acceleration and braking cycles over the 

lifetime of a vehicle, the energy storage device must have a high cycle life. 

 

A standard battery was selected for the simulations [Nickel Metal Hydride 

Panasonic used in Prius] from the PSAT library. It has a capacity of 6.5 Ah and has 168 

cells. The operating battery voltage ranges between 168V and 252V. PSAT 

representation of the battery is shown in figure 22. 

 

5.4.2.3 Motor 

The motor used for the simulations is a permanent magnet Unique Mobility power 

phase motor delivering a peak power of 100 kW and a continuous power of 55 kW. The 

data provided by General Motors is for a motor delivering a peak power of 112 kW and a 

continuous power of 55 kW. This motor could not be used for the simulations as it 

produced continuous errors. Hence a motor whose performance characteristics are similar 

to the one provided by General Motors has been used. PSAT representation of a motor is 

shown in figure 23. 

 

5.4.2.4 Gearbox 

Torque from the engine is transmitted to the drive wheels through the gearbox and 

differential. The gearbox used is a General Motors 4 speed 4T45E automatic transmission 

with gear ratios of 2.96:1, 1.62:1, 1.00:1, 0.68:1 for the 1st, 2nd, 3rd and 4th gears 

respectively. PSAT representation of a gearbox is shown in figure 24. 
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5.4.2.5 Final Drive 

Final drive gears are incorporated in vehicle driving axles and transaxles for the 

following reasons: 

1. To provide a right-angled drive from either the propeller shaft, or the gearbox 

layshaft, to the driven wheels. 

2. Alternatively, to provide a parallel drive from the gearbox layshaft to the driven 

wheels. 

3. To permit an additional and constant gear reduction in the transmission system. 

The final drive distributes the torque out of the gearbox to each of the front 

wheels. The differential used in the model has a final drive ratio of 3.91:1. Figure 25 

shows the PSAT representation of a final drive. 

 

5.4.2.6 Wheel Axle 

There are 2 wheel models that contain the braking calculation. One wheel model 

includes rolling resistance losses while the other, used with the ABC vehicle model, does 

not include rolling resistance losses. 

The model used includes the rolling resistance losses calculations. This single-

wheel model accounts for the braking force at each wheel and the added inertia to the 

drive train of all four wheels. 

The model selected has a section width of 235, an aspect ratio of 65 and a wheel 

diameter of 16 inches. This model has a tire diameter of 28.03 inches. The PSAT 

representation of a wheel axle is shown in figure 26. 

 

5.4.2.7 Vehicle 

The vehicle model calculates speed on the basis of the fed-forward upstream 

inertia of the drivetrain, the mass of the vehicle, and the drag and grade losses. This is a 

generic vehicle model and thus can be applied to a broad spectrum of vehicle classes. The 

model used for the simulations does the calculations using Newton’s second law which 
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includes terms for frontal area and drag coefficient to calculate vehicle drag losses. Grade 

losses are also accounted for in this model. Rolling resistance is accounted for in the 

wheel model. The PSAT representation of a vehicle is shown in Figure. 27. 

The overall vehicle mass is approximated as 1850 kg. The vehicle model selected 

comes under the category ‘equation_losses’. This model uses the equation having terms 

for frontal area and co efficiency to drag to calculate vehicle drag losses. Grade losses are 

also accounted for in this model. Rolling resistance is accounted for in the wheel model. 

The total vehicle mass is the sum of individual component masses but it is possible to 

overwrite the calculated value by entering a value in the graphical user interface as shown 

in figure 28. 

 

5.5 Control Strategies 

With the drivetrain components selected it is then necessary to define the control 

strategies. The control strategies are divided into three main categories as discussed 

below. 

5.5.1. Propulsion Strategy 

There is only one type of propulsion strategy available for a fuel cell vehicle 

which is denoted by ‘p_fc_tx’. This strategy is used to simulate fuel economy and 

performance. 

The control model, developed in Simulink, outputs three parameters: 

• Fuel cell ON/OFF 

• Fuel cell power 

• Energy storage system power 

The fuel cell is continuously ON. The fuel cell power demand is calculated on the 

basis of the driver torque demand at the wheel by using the different powertrain ratios. 

The demand is limited by the maximum fuel cell power. 
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5.5.2. Braking Strategy 

There is only one type of braking strategy ‘b_fc’ which is used for all of the fuel 

cell only vehicles in PSAT. This strategy can be used for two-wheel-drive and four-

wheel-drive vehicles. This strategy can even be used for vehicles with more than two 

axles like trucks with trailers. This braking strategy outputs a total braking force which is 

then divided into the braking force for each axle in the red transient block in the top level 

of the PSAT Simulink control strategy. 

The control model, developed in Simulink, outputs three parameters: 

• Fuel cell power 

• Energy storage system power 

• Mechanical brake torque 

The mechanical brakes are used solely to decelerate the vehicle as no regenerative 

braking is available. During deceleration, the fuel cell is used to provide the accessory 

power. 

 

5.5.3. Shifting Strategy 

This strategy is used to output the gear ratio or the gear number. The shifting 

strategy that has been used for the simulations is ‘s_stf_au_mc_veh_spd_accel_pedal’. 

This strategy represents the typical behavior of an automatic gearbox controller used in 

configurations where an electric machine is the unique source of mechanical power to the 

wheels. It uses gear maps that are function of accelerator pedal demand and vehicle 

speed. It can reproduce shifting for various levels of driver aggressiveness when used 

with the default initialization file. 

All the strategies that have been selected for the simulations are shown in figure 

29. 

 

5.6 Defining the Transients 

Once the Control Strategies have been defined, the transients that will be used for 

the simulation must be selected. 
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For the fuel cell only simulation, there is only one transient that has to be selected 

from the gear box tab. This transient initializes the shifting logic for a configuration with 

a transmission and without a clutch or a torque converter. The selection procedure done is 

shown in figure 30.  

 

5.7 Selecting the Parameters to be Monitored [Simulation Output] 

The Simulation Output tab gives access to the variables that can be generated by 

the selected component and controller models. This window helps to specify which 

variables should and should not be saved in the workspace. The graphical user interface 

showing the simulation output tab is shown in figure 31. 

 

5.8 Drive Cycle, Procedure and Performance Tests Selection 

The next step is to specify the type of simulation from a list of available options. 

In the simulation type, there are three main nodes: 

• Cycle 

• Procedure 

• Performance 

Each of the above mentioned nodes are explained in detail below. 

 

5.8.1 Cycle 

There is a list of different driving cycles in this node as shown in Figure. 32. For 

the simulations, the Urban Dynamometer Driving Schedule [UDDS] and the US 06 

cycles have been selected.  

The Urban Dynamometer Driving Schedule (UDDS) is also known as U.S. FTP-

72 (Federal Test Procedure) cycle. The same engine driving cycle is known in Sweden as 

A10 or CVS (Constant Volume Sampler) cycle and in Australia as the ADR 27 

(Australian Design Rules) cycle. The cycle simulates a urban route of 12.07 km (7.5 mi) 

with frequent stops. The maximum speed is 91.2 km/h (56.7 mi/h) and the average speed 

is 31.5 km/h (19.6 mi/h). The cycle consists of two phases. The first phase duration is 505 
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sec and the total distance travelled is 5.78 km at 41.2 km/hr average speed. The second 

phase duration is 864 sec and the distance travelled is 6.29 km. The first phase begins 

with cold start. The two phases are separated by stopping the engine for 10 minutes. In 

the U.S. weighting factors of 0.43 and 0.57 are applied to the first and second phase, 

respectively. In Sweden both phases have the same weighting factors. [34]. The UDDS 

cycle is represented by figure 33. 

The US06 Supplemental Federal Test Procedure (SFTP) was developed to 

represent aggressive, high speed and/or high acceleration driving behavior, rapid speed 

fluctuations, and driving behavior following startup. The cycle represents an 8.01 mile 

(12.8 km) route with an average speed of 48.4 miles/h (77.9 km/h), maximum speed 80.3 

miles/h (129.2 km/h), and duration of 596 seconds [34]. The US 06 cycle is represented 

by figure 34. 

 

5.8.2 Procedure 

The procedure node has a list of different procedures like the city, highway, 

combined procedure etc. The graphical user interface representation of the procedure is 

shown in figure 35. For the simulations, the city, highway and combined procedures have 

been selected. 

 

5.8.3 Performance Tests 

Three types of performance tests are available in PSAT which can be classified as 

follows:  

Gradeability Test 

This test is used to determine the maximum grade that the vehicle can climb and 

sustain at a specified speed. When a gradeability test is selected from the simulation list, 

the speed at which the vehicle is to sustain its maximum grade as well as the extra mass 

to be applied to the vehicle can be specified. 
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Coastdown Test 

This test is used to generate the f0f1f2 (or ABC) coefficients to be compared with the 

dynamometer ones. When a coastdown test is selected, the launch speed can be specified. 

In this test, the vehicle is accelerated up to the launch speed and then the transmission is 

shifted into neutral. Vehicle friction losses will slow the vehicle to a stop. 

Acceleration Test 

The acceleration test is divided into three categories:  

• Speed 

• Time 

• Distance 

The speed test is conducted to calculate the time required by the vehicle to 

accelerate from a particular speed to the next level. Simulations have been done to find 

the time required to accelerate from 0-60 mph and 50-70 mph. 

The time test is conducted to calculate the distance travelled by the vehicle in a 

specified time. Simulations have been done to find the distance travelled by the vehicle in 

8 sec. 

The distance test is conducted to find the time taken by the vehicle to cover a 

particular distance. Simulations have been done to find the time required by the vehicle to 

travel a distance of 0.25 miles.    

When an acceleration test is selected from the simulation list, the following should be 

noted:  

• All acceleration tests (speed, time, and distance) are computed in the post-

processing, after a unique step cycle is run. The results are all computed from the 

same simulation, and if accessories are included, all the tests will use the same set 

of accessories. 

• The shifting time must be specified. Because all the acceleration tests are from the 

same simulation, the shifting time will be the same for all. By default, the shifting 

time is 0.45 seconds for an automatic transmission and 0.2 for a manual one. 
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• The Cycle Time can be specified. This parameter only needs to be modified if the 

simulation does not run long enough to achieve the desired acceleration which 

generally happens in the case of a heavy duty vehicle. The default value is 60 

seconds. 

 

5.9 Reporting and creating a Rerun file manually 

The reporting tab is used to control the items to be reported for the simulation 

when a report is generated from the Data Analysis tab. The Matlab Report Generator 

toolbox must be installed in order to generate the reports.  

Before running the simulation a rerun should be created. When a rerun file has 

been added to the simulation list, the corresponding rerunX.m file can be generated in the 

user folder by right-clicking in the context menu. This rerunX.m file is an exact copy of 

the file used to run a simulation. It will be overwritten when you click on Run 

Simulation. The functionality is most often used to copy the rerun files in another folder 

for backup before running the simulation. 
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Table 5: Fuel Cell Model Vehicle Specifications 

 
Fuel Hydrogen (H2) 

Fuel Cell 95 kW PEM Fuel Cell 

Transmission GM 4–speed 4T45E Automatic Transmission 

Battery Panasonic 6.5 Ah 252V NiMH Battery 

Motor 55/100 kW Unique Mobility Power Phase Motor 
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Figure 16: PSAT Graphical User Interface 
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Figure 17: Drivetrain Configuration – Production Vehicle 
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Figure 18: Drivetrain Configuration – Fuel Cell Model 

 

 

Figure 19: Drivetrain Components for Fuel Cell Vehicle 
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Figure 20: PSAT representation of a Fuel Cell 
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Figure 21: Modified MatLab file of Fuel Cell 
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Figure 22: PSAT representation of a Battery 
 
 
 

 
 
 

Figure 23: PSAT representation of a Motor 
 

 
 

 
 
 

Figure 24: PSAT representation of a Gearbox 
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Figure 25: PSAT representation of a Final Drive 
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Figure 26: PSAT representation of a Wheel Axle 
 
 

 
 
 

Figure 27: PSAT representation of a Vehicle 
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Figure 28: Initialization Parameters of Vehicle file 
 
 

 
 

Figure 29: Control Strategies selected 
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Figure 30: Defining a Transient 
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Figure 31: Selecting parameters to be monitored 
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Figure 32: Selecting the drive cycle 



Texas Tech University, Jacob Jean, Aug 2009 

 
 
 

 
 

Figure 33: UDDS Drive Cycle [33] 
 
 
 
 

 
 

Figure 34: US06 Drive Cycle [33] 
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Figure 35: Selection of Procedure 
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Figure 36: Selection of Performance Tests 
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CHAPTER 6 

4 SIMULATION SUMMARIES  

 

Simulations were run for the stock vehicle and the fuel cell vehicle. The purpose 

of conducting the simulations on the stock vehicle model is to validate the PSAT 

software. When the results of the stock vehicle simulations for fuel economy tests and 

performance tests are compared to the on road stock vehicle performance, it can be seen 

that the values are more or less equal. Hence we can say that the PSAT simulation results 

are close to the actual vehicle performance. 

 

6.1 Performance Simulations 

Simulations were conducted for an acceleration test which comprises of time 

required to accelerate from 0–60mph [IVM], time required to accelerate from 50–70mph, 

time required to cover a distance of 0.25 mile and the distance travelled in 8 sec. 

Performance simulations results is shown in table 6.  

 

6.2 Fuel Economy Simulations 

The fuel economy simulations were conducted for UDDS and US06 cycles and 

also for Highway, City and Combined [City and Highway] procedures. The results of 

these simulations are shown in the table 7. 

The plot shown in figure 37 gives the torque output from the motor of the fuel cell 

vehicle during the UDDS cycle.  

The plot shown in figure 38 gives the fuel cell efficiency percentage with respect to 

the power in kilowatts. The average efficiency of the fuel cell is 40.82% throughout the 

drive cycle which is much better than for the conventional stock vehicle where the 

average engine efficiency for the drive cycle is 27.7%. 
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Figure  and figure 40 gives the energy loss contributions occurring during the 

UDDS and Highway cycles. The energy losses through the drivetrain is about 15% higher 

during the Highway cycle whereas the energy losses through the wheels is 8% higher 

during the UDDS cycle which is due to more number of stops in the UDDS cycle. 

The plot shown in Figure 41 presents fuel consumption during the UDDS cycle. 

This plot is an indicator of the fuel consumed with respect to the vehicle speed. The plot 

also shows the gear shifting pattern throughout the driving cycle. 
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Table 6 : Performance simulation results 
 

Vehicle Characteristics Stock Vehicle 
Simulated Stock 

Vehicle 

Simulated Fuel 

Cell Vehicle 

Time to accelerate from  

0–60mph [IVM] 
10.6 sec 10.6 sec 10.7 sec 

Time to accelerate from  

50–70mph 
7.2 sec 7.2 sec 7.2 sec 

Time required to cover a 

distance of 0.25 mile 
18.7 sec 18.7 sec 18.4 sec 

Distance travelled in 8 sec 
Data Not 

Available 
0.07 miles 0.06 miles 

 

 

Table 7 : Fuel Economy simulation results 
 

Drive Cycle / 

Procedure 

Stock Vehicle 

(mpgge) 

Simulated Stock 

vehicle 

(mpgge) 

Simulated Fuel Cell 

Vehicle 

(mpgge) 

UDDS Data not available 23.6 43.93 

US06 Data not available 17.1 34.87 

Highway 37.0 37.1 60.72 

City 23.9 23.8 43.92 

Combined [ City & 

Highway] 
28.4 28.4 51.48 
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Figure 37: Motor torque output for Fuel Cell Vehicle during UDDS cycle 
 
 
 
 

 

Figure 38: Fuel Cell Efficiency during UDDS Cycle 
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Figure 39: Energy loss for Fuel Cell Vehicle during UDDS Cycle 
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Figure 40: Energy loss for Fuel Cell Vehicle during Highway Cycle 
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Figure 41: Fuel Consumption Characterized for Fuel Cell Vehicles during UDDS cycle 
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CHAPTER 7 

7 CONCLUSION 

 

The summary of the simulations clearly gives the advantages of using a hydrogen 

fuel cell – electric motor combination instead of the conventional IC engine. The highly 

improved fuel economy of the vehicle is the most significant advantage. The vehicle has 

been driven through different driving conditions and drive cycles and in all cases the fuel 

economical advantage of the fuel cell vehicle can be clearly seen. The ability of the 

vehicle to accelerate from stand still to a speed of 60mph in 10.7 seconds shows that the 

performance of the vehicle is also within a reasonable range. In all the performance tests 

conducted, the performance of the fuel cell vehicle matches the stock vehicle.  

The biggest advantage to using H2 as a fuel is the fact that it has practically zero 

tailpipe emissions as the product coming out after the reactions is water. The less usage 

of Petroleum in well to wheels analysis is also another factor advantageous to using 

hydrogen as a fuel.  Hydrogen uses considerably less petroleum during its production 

than any other fuel. In relation to gasoline, H2 uses 99.4% less petroleum throughout the 

process. Along with this, the WTP energy efficiency of H2 is one of the highest of all the 

alternative fuels.  

In spite of all these advantages, the practical difficulty of supplying hydrogen at 

the gas stations and the cost of the fuel cell are the main factors restricting the 

commercial manufacture of hydrogen fuel cell vehicles. Once these problems are 

overcome, hydrogen fuel cell should be the future of automobiles. 
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