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ABSTRACT 

Fuel cell vehicles have the potential of being highly efficient compared to current 

vehicles. Their higher efficiency results in lower fuel consumption and reduced 

emissions of gaseous pollutants and the greenhouse gas CO2. 

The system inside a fuel cell vehicle is complicated, which consists of several 

accessory subsystems to ensure its performance. The low voltage subsystem is important 

for providing electric energy for the operation of the other electric subsystems in a fuel 

cell vehicle. This thesis describes the use of a novel low voltage system to help running a 

homemade, student-developed fuel cell vehicle. First, the background of fuel cells and 

fuel cell powered vehicles is introduced. After that, the design of the low voltage system 

is demonstrated, which was central to conducting the reported thesis research. Dynamic 

testing results for investigating the working of low voltage components, such as sensors, 

actuators are presented, and the fuel cell working conditions during the vehicle running 

are studied. Finally, conclusions and recommendations for future work are provided. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

Hybrid electric vehicles (HEV's) combine the benefits of several propulsion 

subsystems in an attempt to produce a more efficient vehicle. A common approach to 

hybrid vehicle design takes a conventional vehicle drivetrain and combines it with 

subsystems commonly found in an electric vehicle. In this type of vehicle, a gasoline 

engine might be augmented by an electric motor. In a hybrid that uses a fiiel cell, a 

different approach must be taken to harness the electrochemical energy of hydrogen. In 

this case, hydrogen and oxygen react and are converted into electrical energy that drives 

the wheels of an electric vehicle [15]. 

In recent years, the activity on fuel cell research has increased rapidly. Now 

several of the largest automotive companies (GM, Ford, Benz, and Toyota, etc.) all over 

the world have begim to do research on fuel cell vehicle development. Under this 

environment, Texas Tech University (TTU) was one of two schools, nationally, that was 

selected to receive a Fuel Cell donated by the U.S. Department of Energy to build a fuel 

cell powered vehicle to participate in the Futiu-eTruck Student Competition. The 

competition is a program that challenges a team of students fi-om 15 nation-wide 

universities to alter a Ford Explorer to increase fuel efficiency, lower emissions, and 

enhanced performance while maintaining or improving other characteristics of the 

vehicle. 



1.2 Motivation 

A fuel cell vehicle contains dozens of accessory parts to ensure its performance. 

Among these, the electrical needs are indispensable. The electrical system is broken into 

two sections: high voltage and low voltage subsystems. The high voltage loads include 

motor, motor controller, and air compressor, etc. The low voltage loads include all the 

stock vehicle systems, DC-DC converter, sensors, actuators, relays as well as 5, 12 and 

24 volt control system loads. Many systems on stock vehicles are belt driven from the 

internal combustion engine. Since a fuel cell substitutes for the engine, some accessories 

are no longer used. On the other hand, a lot of new components are added to the vehicle 

for fuel cell functions and to replace certain accessory parts. Therefore, the new low 

voltage system for a fuel cell vehicle is totally different from one on a standard vehicle. 

As a fuel cell is frail, accurate measurements of the fuel cell are required to maintain 

efficient operation and insure that there is no damage to the fiiel cell membrane (the heart 

of the fiiel cell). Signal conditioning circuits required for sensors and actuators also 

belong to the low voltage system. These instruments are critical since without them, it 

would be incredibly difficult to obtain analog or digital readings from mechanical 

devices. 

In summary, it is critical to design and implement a completely new low voltage 

system for vehicle performance and to interface with the other subsystems. The system is 

used to control relays, issue set-points to actuators, and collect data fi-om sensors. 

Interfacing entails building circuits that allowed useful voltage signals to be processed by 



the computer. Also it requires careful consideration to ensure that the vehicle meets the 

FutureTruck competition criteria. 

1.3 Overview of the Thesis 

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

electric circuits for low voltage system in a fuel cell vehicle. The second chapter briefly 

describes the reason of development of hybrid electrical vehicle. It also introduces the 

concepts of different types of alternative vehicles. Chapter III reviews the types of fliel 

cell, the principle of PEM fuel cell and fuel cell stacks used by TTU Future Truck group. 

Chapter FV will present the overall of the Future Truck Ford Explorer, and then simply 

introduce the compositions of each subsystem and major components function. Chapter V 

represents the design of the low voltage system of the fuel cell powered vehicle. 

Schematics of the system, and the circuit and wiring of each kind component are 

presented. Some electrical noise elimination methods are introduced also in this chapter. 

Testing of the sensors and actuators and results obtained and analyzed are described in 

the sixth chapter with data analyzing. The seventh chapter gives the conclusion and 

suggestions for the future direction of work. 



CHAPTER II 

ALTERNATIVE FUEL VEHICLES 

2.1 Current Status 

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

same time gasoline and diesel fueled vehicles bum oil in an internal combusfion engine. 

A renaissance of concern over internal combustion engine vehicles (ICEV) began in the 

1970s as the result of the world 'oil crises' of 1973 and 1979. People began to recognize 

that supplies of readily extractable petroleum are finite, and that with a growing world 

population and with increasing demands for personal mobility, an ever-expanding world 

fleet of ICEVs is not feasible in the long-term [1]. This point was reinforced in the 1980s 

by a deepening world-wide concern over atmospheric pollution in many large cities 

because the exhaust fi-om automobiles released to air includes carbon monoxide (CO), 

volatile organic compounds (VOS), and nitrogen oxides (NOx). Motor vehicles accoimt 

for about 50% of carbon monoxide, 29% of nitrogen oxides and 27% of volatile organic 

compounds [2] in the air today. 

In order to greatly reduce emission, it seems that electric vehicles (EV) are the 

best choice. Although electric vehicles were available in 1873, the inherent limitations of 

EVs became obvious and since that time EVs have been almost entirely restricted to off-

road duties. The recent development of electric cars by major automotive manufactures is 

related to the sales mandate issued in 1990 by the California Air Resources Board 

(CARB). This required that by 1998, 2 percent of light duty vehicle sales of each 



automotive company selling more than 35,000 vehicles per year in California must be 

zero emission vehicles (ZEVs). The required percentage then increased to 5 per cent in 

2001 and 10 percent in 2003 with a lower sales threshold of 3,000 vehicles. There should 

be 5,000 vehicles in 2003 ramping up to 15,000 in 2015. By 2018, 25,000 ZEVs should 

be on California's roads. The only practical way of meeting this zero-emission 

requirement was seen to be by the use of electric propulsion. Also the growing 

dependency on oil imports can make the United States vulnerable to foreign pressure. 

Currently there are some alternative fuel vehicles in development. Alternative fuel 

vehicles not only help in reducing emissions but they also help in reducing fuel 

consumption by increasing fuel efficiency. 

There are different types of alternative fuel vehicle that are being developed, 

which differ on the type of propulsion used. An electric vehicle uses only batteries and 

motor(s) to drive the vehicle. A hybrid electric vehicle uses both batteries and gas to 

obtain efficiency and reduced emission. Fuel cell vehicles use fuel cells and batteries to 

power the cars, without harmfiil emission. 

2.2 Electric Vehicle 

At the begirming of the twentieth century, some electric vehicles were being 

driven on the road in western countries. Fig. 2.1 is a block diagram of a typical EV. Some 

kinds of EVs do not use transmissions and the electrical motor is directly coupled to the 

differential (not shown in Fig. 2.1). 



The demise of the original electric vehicles was largely due to the limitations of 

its power source. Batteries in those days had low levels of energy per unit weight and 

consequently had a very small driving range. Another big issue was the battery recharge 

time. Batteries usually need several hours to fully charge. A third big problem is that 

most batteries service life is also short compared to the lifetime of other parts in the 

vehicle. These shortcomings severely restricted the EVs use in practice. In addition, the 

electric motors used to drive the vehicle, in the early days, were heavy and inefficient, 

further compounding the problem. At that time, an EV could go 30 to 45 miles per hour 

and had a very limited range of 20 to 30 miles [4]. 

As the recognition of the need to reduce the amount of oil consumed by road 

transportation and to reduce the amount of air pollution, three approaches were adopted 

to overcome the battery problem. These were (i) improvement of the performance of 

lead-acid batteries; (ii) development of other batteries with potentially superior energy-

storage characteristics to the established lead-acid battery; and (iii) investigation of 

hybrid vehicle designs as a possible means of circumventing the range limitation of EVs. 

All three approaches have been studied in the USA following the enactment of Public 

Law 94-413, 'The Electric and Hybrid Vehicle Research, Development, and 

Demonstration Act of 1976' [1]. At present, the range of the EV is about 100 to 130 

miles between recharging when run at highway speed, while the range goes down to 75 to 

90 miles for city driving [7]. 
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Fig. 2.1 Powertrain in Electric Vehicle 

Although some consumer acceptability of EV technology has occurred over the 

last few years, road application of EVs is still primarily restricted to small fleets of 

experimental urban delivery and service vehicles as well as a few city-center buses. The 

major impediment of progress remains the restricted performance of the battery. 

However, the requirement firom the California Air Resources Board (CARB) is sufficient 

to propel major manufacturers into furious activity on electric car development. 

2.3 Hybrid Electric Vehicle (HEV) 

Any vehicle that has more than one power source can be classified as hybrid 

electric vehicle (HEV), but here the term is used for vehicles that combine electric drive 

with a heat engine using fossil-fiiel energy sources. As pure EVs have some 

disadvantages, HEVs provide a possible solution although, at this time, they still produce 

emissions and also contribute to green house gas emissions. HEVs use both electric 

motors with batteries and an IC engine to power the vehicle. Currently, there are two 

main configurations of components of a hybrid system which are called series and 

parallel hybrids. 
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Fig. 2.2 Powertrain in Series Hybrid Electric Vehicle 

In the series hybrid, the mechanical output of the heat engine is used to generate 

electrical power by means of a generator, similar to that used in a conventional car, 

shown in Fig. 2.2. The generator should have enough capability to produce sufficient 

electrical power to propel the car. It is possible to run the engine at close to constant 

speed and share its electrical output between charging the battery and supplying the 

power to drive the wheels [3]. This configuration can significantly reduce emissions. The 

engine can also drive the generator to run at optimum performance. A series 

configuration allows for a variety of options when mounting the engine and vehicle 

components. 

However, the series hybrid also has a number of disadvantages. It requires a 

generator that is not required by the parallel hybrid. When the vehicle is stationary, the 

constant speed engine operation can be noisy. Another big problem is the efficiency of 

the whole system since there is a double energy conversion. 
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Fig. 2.3 Power-train in Parallel Hybrid Electric Vehicle 

An HEV with a parallel configuration has both a mechanical connection between 

the engine and transmission as in conventional vehicles and an electric motor coupled to 

the transmission. These two drive-trains are independent of each other as shown in Fig. 

2.3. The engine is smaller than would be used for steady highway driving. The battery 

provides auxiliary power for both acceleration and hill-climbing, and also accepts 

regenerative braking energy. Limited urban driving in a battery electric vehicle mode is 

also possible. Most of the energy consumed in this version is fi-om petroleum [1]. 

Parallel HEVs have several benefits over series HEVs. The vehicle can have more 

power because both the engine and the motor supply power simultaneously. They also 

can be more efficient since they do not have an additional generator. In July 1997, Toyota 

unveiled plans to mass-produce a parallel HEV named 'Prius' powered by a 1500-cc 

engine and a nickel-metal hybrid battery. 

2.4 Fuel Cell Vehicle 

Although HEVs get rid of the problem of limited range, that is a major drawback 

of an EV, HEVs also have problems associated with batteries, such as recharge times and 



limited life cycle time of batteries. HEVs can use different alternative fuels, such as 

diesel, compressed natural gas (CNG), propane, ethanol 85 (E85), and reformulated 

gasoline (RFG). These alternative fuels reduce emissions but still have some emissions 

discharged. 

Fuel cell vehicles are a promising technology for they can eliminate the 

environmental pollution from vehicles completely. A fuel cell is a device that can 

generate electricity by the reaction of hydrogen with oxygen. The outputs of the 

electrochemical process are electricity, water and heat, if pure hydrogen is used. Since 

hydrogen is the most abundant element, sources of hydrogen fiael are everywhere and it 

can be produced from water using renewable solar, wind, hydro or geothermal energy. 

Hydrogen also can be extracted from anything that contains hydrocarbons, including 

gasoline, natural gas, biomass, landfill gas, etc. 

A fiael cell vehicle can be considered as a series HEV using hydrogen as the 

alternative fiiel. Electricity for both the on-board batteries and the electric motor is 

supplied by the fuel cell that works like the generator in series HEVs. A fliel cell is much 

more efficient than conventional energy sources, because it converts chemical energy of 

the fuel directly into electricity without going through an intermediate combustion step. 

This is why a fuel cell is cleaner than any carbon fuel even when using the carbon fuel as 

its hydrogen source. Moreover, the heat produced in the conversion process can be used 

for space and water heating. Hybrid fuel cell automobiles can offer improved acceleration 

and higher drive train efficiency while extending driving range. Therefore, the fuel cell is 
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an excellent alternative power unit and may play a leading role in meeting national goals 

of clean air, climate protection and energy security. 

However, the fuel cell is not without its own challenges. The cost of a fuel cell is 

a big problem. Currently, prototype fuel cells can cost as much as half a million dollars. 

To compress and store hydrogen fuel in an insulated tank requires a considerable amount 

of energy in itself There is also safety issues associated with hydrogen, as with any fuel. 

In summary, the fuel cell vehicle is an encouraging but also challenging solution for the 

some major problems of the current transportation system. 

2.5 Future Vehicle Development 

Before the first 20 years of this century are over, increasing pressure on the 

environment may result in increasingly severe regulation of emissions from vehicles in 

urban areas. Some potential fiiture developments in various electric vehicle systems are 

described here. 

The future development in electric motors seems likely to be confined to the drive 

towards lower costs, lighter weight, smaller volume, and higher efficiency of existing 

motor technologies [3]. Controls and power electronics need dramatic developments in 

power switching devices in the near fiiture. 

Battery development will be concerned with the availability of batteries with 

twice or more than three times the storage capacity of familiar lead-acid batteries. The 

lithium-ion battery seems the best choice in the long term for its high cell voltage, high 

II 



energy density, and its low self-discharge [3]. Fuel cells may also be a good substitute for 

common batteries in the future. 

Charging for electric cars and hydrogen refueling for fuel cell vehicles are also 

major concerns for future development. 
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CHAPTER III 

FUEL CELLS AND WORKING PRINCIPLES 

3.1 Fuel Cells 

The fuel cell concept was first demonstrated in 1836 by Sir William Grove, but it 

took until the 1960s for fuel cells to become practical devices for generating electrical 

energy. The major problem was the lack of a suitable electrolyte to control the transfer of 

hydrogen ions between two gases. The electrolyte allows an electrical current to flow in 

an external circuit from the hydrogen to the oxygen side of the cell, and suppresses the 

normally explosive reaction when hydrogen and oxygen are brought together and 

combined to form water [3]. 

According to the different medium to separate hydrogen and oxygen, there are six 

generic types of fiael cell in various stage of development, namely [7]: 

• Alkaline fuel cells (AFCs): used in space applications since the 1960s. 

• Phosphoric acid fiael cells (PAFCs): This is the most commercially developed type 

of fuel cell. It is already being used in applications such as hospitals, schools and 

airports. 

• Proton exchange membrane fliel cells (PEMFCs): user-friendly technology, used 

today in transportation demonstrations and small-power applications. 

• Molten carbonate fuel cells (MCFCs): now entering the demonstration phase for 

base load power. 

13 



• Solid oxide fuel cells (SOFCs): U.S.-developed, small-scale demonstration unit 

now operation in Japan. 

• Direct methanol Fuel Cells (DMFCs): new member of the fuel cell family draws the 

hydrogen from the liquid methanol, eliminating the need for a fuel reformer. 

The PEM fuel cell is now the preferred option for automotive applications due to its low 

operating temperature, high efficiency and ease of use. 

3.2 Proton Exchange Membrane (PEM) Fuel Cells 

The core of the fiael cell system is the PEM fuel cell stack. As shown in Fig. 3.1, 

the PEM fiael cell is composed by a fuel electrode as the anode and an oxidant electrode 

as the cathode. The two electrodes are made of porous carbon materials. They are 

separated by an ion-conducting polymer electrolyte in the form of a thin plastic sheet. 

i ^•ffV !««« 
W 

perniarlnnce 
•lifenlc 

palymBr 
•nenbrane 

CllflOtf*' 

ExciM H, 

Fig. 3.1 Architecture of PEM Fuel Cell 

This polymer electrolyte, the proton exchange membrane, has the proprieties of 

both a proton conductor and an electron insulator. The membrane is impermeable to air. 

14 



Integrated between each electrode and electrolyte is a catalyst and the entire laminated 

assembly is called the membrane electrode assembly (MEA) [5]. 

A PEM fuel cell uses a simple chemical process to combine hydrogen and oxygen 

into water, producing electric current in the process. As illustrated in the diagram, it 

works something like electrolysis in reverse [8]: 

1. At the anode the hydrogen molecules give up electrons and form hydrogen ions, a 

process which is made possible by the platinum catalyst. 

2. The electrons travel to the cathode through an external circuit, producing 

electrical current. This current can perform useful work by powering any 

electrical device (such as an electric motor). 

3. The proton exchange membrane allows protons to flow through, but stops 

electrons from passing through it. As a result, while the electrons flow through an 

external circuit, the hydrogen ions flow directly through the proton exchange 

membrane to the cathode, where they combine with oxygen molecules and the 

elecfrons to form water. 

4. In this way, hydrogen fuel's natural tendency to oxidize and form water is utilized 

to produce electricity and useful work. 

5. No pollution is produced and the only resulting products are water and heat. 

The chemical reactions in the PEM fuel cell can be described as: 

Anode: //j ^ 2/ /" + 2e" (3.1) 

Cathode: \0^ + 2H* + 2^" -^ H,0 (3.2) 

Overall: H^+\0^-^ Hfi. (3.3) 
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Equations 3.1, 3.2, and 3.3 arc used to determine the amount of hydrogen, oxygen 

and water needed or produced in the reaction. 

After completion of the reaction, the rest of hydrogen exhausts out at the 

hydrogen-side out port, and air passes out through air-side out port with water vapor. 

Water vapor produced at the air side is then separated from the air gases outside the cell 

with a water separator for recovery. 

Fuel Cell Performance 
vs. Membrane Type 

0.0 0,5 1.0 1.5 2.0 

Current Density (A/cm^) 

Fig. 3.2 Typical Polarization Curves of PEM Fuel Cell 

Fig. 3.2 shows the typical polarization curves for various Nation membranes 

(which are non-reinforced films based on Nafion resin, a perfluorosulfonic acid/PTFE 

copolymer in the acid (H"̂ ) form). Nafion is widely used for Proton Exchange Membrane 

(PEM) fuel cells and water electrolyzes. N-112, N-1135 and N-115 are different 

membrane types [9]. From the figure, it can be seen that as the load increases the cell 

voltage will decrease. If the cell's voltage is too low, it will be damaged. Therefore, fuel 

cell monitoring systems (described in later chapter) are required by manufacturers. 

16 



3.3 Fuel Cell Stack 

The fuel cells used in the TTU Future Truck group are PEM fuel cells from 

Honeywell Company, containing six sub-stacks, one of which consists of 105 cells and 

each cell generates approximately IV DC with 226cm'/cell, as shown in Fig. 3.3. The 

current configuration has the six sub-stacks divided into two parallel groups of three sub-

stacks in series. This configuration yields a maximum of 315V as shown in Figs. 3.4 and 

3.5. This value was selected because it is relatively close to the 273V of the battery pack 

from Toyota Motor Company. The alternate configuration consists of the six sub-stacks 

being divided into three parallel groups of two sub-stacks. This configuration would have 

a maximum output of 210V, which is too far below the nominal level for the battery 

packs. 

Fig. 3.3 Fuel Cell Sub-stack Fig. 3.4 Fuel Cell Parallel Configuration 

The cells' peak power is 13.4kw per sub-stack, and 80kw total. Fuel cell 

efficiencies vary between 50 per cent at 0.6V/cell and 67 per cent at 0.8V/cell [10]. 
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Specific energy is dependent on the quantity of hydrogen available to feed the fuel cell. 

Current density is 0.94A/cm- at 0.60V/cell. One disadvantage that a fuel cell has, when 

used in a vehicle, is the large number of 0.7V modules required to obtain a sensible 

working voltage and therefore the large number of electrical and gas connections also 

required. 

315 V 

105 V 105 V 

105 V 105 V 

105 V 105 V 

Fig. 3.5 315 Volts Fuel Cell Configurations 

To develop a viable fiael cell, the condition of the hydrogen stream, oxygen 

stream, output voltage and current needs to be accurately monitored. To optimize a fuel 

cell, not only are the flow and pressure of the hydrogen and oxygen monitored, but also 

the humidity and temperature of the gas streams. Knowing the voltage of the individual 

membranes can enable an engineer to read the health of a fiiel-cell stack and control the 

output resistance to map the power densities of the stacks [25]. 

PEM fuel cells share the characteristics of requiring humidified hydrogen and 

oxygen and generating electricity with a byproduct of water. Parameters that control the 

18 



production of this power include gas-steam temperature, pressure, humidity, and flow 

rates. Fuel cell stacks are designed with an active cooling mechanism to ensure that the 

ambient temperature does not cross the approved levels. Overheating could be 

detrimental to performance of the fuel cell powered vehicle or even hazardous. A 

minimum flow rate of 20 gpm cooling water is required by the stack for cooling 

piuposes. 

PEM fuel cell typically require temperatures in the range of 60-80^C (I40-175*'F) 

to produce energy efficiently. In the application, the gas steams and water are at elevated 

pressures. The pressure of the water on the fuel cell stack must range from 9-15 psi and 

the pressiu-e drop between hydrogen, oxygen and water must not exceed 5 psi. 

Another challenge in the fuel cell stack results from gas stream humidity. The 

water flow in a cell is critical to its operation, and each membrane must remain hydrated 

to maintain its protonic conductivity. If a cell becomes too dry, the membrane is prone to 

damage. If the membrane floods, the transport of reactants is reduced and a dramatic drop 

in overall system performance occurs. Therefore, hydrogen and oxygen must be 

humidified before they enter into stack. The hydrogen must be between 75% and 90% 

relative humidity, and air must be between 50% and 80% relative humidity to ensure 

optimum conditions for the reaction in the fiael cell. 

The operating load of a fuel cell is a balance between the maximum power output 

and the maximum efficiency. Under load with current flowing, the output per cell would 

drop from 1 V to as low as 0.6 V per cell. Knowing the voltage of each individual 

membrane allowed Texas Tech team to closely monitor the health of its stack because all 
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cell should perform to peak and that there is uniform voltage and current flow through the 

cell stack. If one cell exhibits a different potential, it is an indication of a problem with 

the cell, including incorrect temperature, under hydration or flooding [25]. This is 

imperative as the fuel cell powered vehicle automotive engines require a regular flow of 

electric current to operate, failing which this could affect the accelerate on and mileage of 

the vehicle. 
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CHAPTER IV 

OVERALL DESIGN OF FUEL CELL VEHICLE 

4.1 Introduction 

The Texas Tech fuel cell vehicle is a series hybrid electric vehicle with the PEM 

fuel cell acting as the primary power. A series hybrid provides all driving power to the 

wheels through an electric motor, with power coming from fuel cell and/or battery packs. 

When the drivefrain's power request exceeds the fuel cell system's net power output, the 

remainder of the energy requirement comes from the battery pack. If the overall average 

energy demands of the vehicle are below the average power net output of the fuel cell 

system, the vehicle will charge the battery packs. The objective of the team is to run the 

vehicle under fuel cell instead of IC engine. To retrofit the vehicle with fuel cell, many 

original systems had to be removed including IC engine and new systems have been 

added. Final packaging of all the major components and subsystems within the TTU FC-

HEV is illusfrated in the Fig. 4.1. 
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Fig. 4.1 Ford Explorer Fuel Cell Vehicle Layout 

Successful fuel cell integration depends on the successfiil operation of several 

important subsystems. While the fiiel cell stack is certainly the heart of the system, it 

cannot run without air handling components, a custom air humidification system, a 

custom hydrogen humidification system, a de-ionized water tank, a fliel-cell cooling loop, 

and more. The detail purposes and operating conditions of each system were described in 

the previous chapter. Also there are several additional subsystem are integrated into fuel 

cell. They are: the battery packs which are used to provide additional power and start fuel 

cell; fuel cell monitor system which monitors the health of fuel cell; low voltage system 

which provides low voltage power for components and control system which is capable 

of managing every aspect of fliel cell operation as well as interfacing with the user and 

the drivetrain. The overall fianctional diagram in vehicle is shown in Fig. 4.2 [14]. 
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Fig. 4.2 Overall Vehicle's Functional Diagram 

The next sections will detail the design, development, operation, and testing of the 

subsystems that support the operation of the fuel cell stack. 

4.2 Oxygen System 

The air supply subsystem provides the fuel cell with clean air at 50-80% relative 

humidity and a maximum temperature of 80°C (175°F). An air system schematic is 

shown in Fig. 4.3. Humidification is accomplished through the use of water spray-

injection. Water flow to the humidity chamber is controlled by a negative feedback loop 

that controls the water injectors based solely on humidity level at the output of the 

chamber [15]. Liquid water accumulates inside the humidity chamber as the humidified 

air passes through it and cools. 

The oxidant for this fiael cell is air, suppHed at lest 20 cfhi and 10 psig by a 

compressor. Compressing the air input increases the concentration of oxygen per volume 

per time, which is its effective partial pressure, and thus increases the fuel cell efficiency. 
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Another benefit of higher pressures is that, for the same molar flow rate, a lower 

volumetric flow rate can be used. Thus, humidification is easier because less water is 

needed for saturation (per mole of air) [15]. The air compressor uses a 3-phase 230 VAC 

motor capable of 18 hp at 20,000 rpm. The motor requires a CE to AC inverter that is 

controlled by LabVIEW to regulate the pressure of the air. The compressed air is sent to 

the humidity chamber where the air is humidified, and then routed into the fuel cell, 

finally vented out of the side of the vehicle. In addition to a separate air line used to send 

compressed air to the Dome Loaded Regulator to keep the balance of hydrogen and 

oxygen. This is a critical procedure, as the pressure of the gases must be within 5 psi of 

one another to prevent damage to the fuel cell. The oxygen system is shown in Fig. 4.3 

[11]. 
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4.3 Hydrogen System 

Hydrogen is the lightest element, and is very buoyant in air. This fact means that 

it diffuses very rapidly and seeks the highest local collection point, the number and size 

of collection points must be minimized. Therefore special care is taken in all situations to 

seal all lines and valves completely to prevent any small leakage. An inline manual valve 

of the storage tanks allows the tanks to be isolated from the rest of the system when the 

fiael cell is not in use. 

Hydrogen is compressed in two 5000 psi storage tanks, holding about 132 liters, 

manufactured by Quantum/IMPCO. On the fuel side of the fiael cell stack, pressurized 

hydrogen from the storage tanks requires no addition of energy or device as it flows 

through pressure regulators into the fuel lines and recirculation loop. The reason is that 

the hydrogen is kept under much higher pressure (several thousand psi) than the 

operating pressure of fuel cell. 

From the tanks, two pipes merge and enter a manual valve, and then one line goes 

through a one-way valve to the Dome Loaded Regulator under the frame of the vehicle. 

The regulator reduces the hydrogen pressure from a storage level as high as 5000 psi 

down to 10-15 psi to allow for pressure-matching with the air supply line to the fuel cell. 

After matching the pressure of the oxygen in the regulator, the hydrogen is piped to the 

humidification chamber and finally to the fuel cell. The humidity chamber for the 

hydrogen is similar with air chamber that includes two water injectors; one is on the top 

and the other at the bottom. The relative humidity of hydrogen will be increased to 75%-
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90% before it goes into fuel cell. Excess hydrogen not used in the fuel cell is vented 

from the upper rear of the truck. 

4.4 De-ionized (DI) Water System 

DI water subsystem includes DI water tank, DI water pump, motor controller, DI 

water filter, a heater, radiator and some solenoid valves. Actually it consists of two 

separate closed loops: cooling loop and humidification loop, which are different from the 

hydrogen and oxygen, and each one has its own function. 

Fuel cell stack temperature distribution is another item that is critical to the 

successful operation of a PEM fiael cell. Insufficient coolant flow can cause uneven 

temperature distribution across the stack, resulting in various portions of the stack 

behaving differently and perhaps being damaged [15]. The thermal loop consists of a 12V 

DC pump, deionizer, water reservoir (radiator), sensor tanks, and filter. Fig. 4.8 shows a 

schematic of the thermal system [12]. The function of the cooling loop is to remove 

excess heat from the fuel cell to keep the cells health. This heat would be dissipated at a 

radiator with a fan to increase convection over the radiation. 
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Fig. 4.4 Fuel Cell Vehicle Cooling Loop System 
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The other subsystem is the humidification loop shown in Fig. 4.5 [12]. It is used 

to keep the hydrogen and air moist. For the reaction between hydrogen and oxygen in the 

fuel cell, hydrogen needs 75 ~ 90% and oxygen needs 50 ~ 80% relative humidity 

prevent the membrane from drying out and rupturing or overheating. As mentioned 

before, humidification of the reactants is critical to the performance of a PEM fuel cell 

stack. Any excess liquid water from the humidification process that flows into the fuel 

cell can reduce the output power capacity and possibly cause stack damage. More 

elaborate humidifiers require use of heat from the vehicle to increase the gas' temperature 

to the fuel cell operating temperature 50 ~ 80°C quickly. The DI water is pumped from 

the tank to a heater which increases the temperature drastically and then via fiael injectors 

sent to each of the two different humidifiers. 
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4.5 Fuel Cell Voltage Monitoring System 

In order to determine the performance and safety of the individual cells in the fuel 

cell, voltages across groups of three cells in fuel cell are monitored every 1.5 seconds, for 

the total 210 readings. All cells should perform to peak and that there is uniform voltage 

and current flow through the cell stack. If one cell exhibits a different potential, it is an 

indication of a problem with the cell, including incorrect temperature, under hydration or 

flooding [25]. The entire stack would be destroyed if one cell becomes damaged; 

therefore careful monitoring is required so that all systems in the vehicle could be shut 

down in the event of a problem. As the vehicle is powered by fuel cell, this system is one 

of the most crucial system inside the vehicle. A flowchart of the control scheme for the 

monitoring system can be seen in Fig. 4.6 [13]. 

Twenty four separate voltage monitoring boards are used to measure the voltages 

of fiael cell. I multiplexing board is taken to control the operation of the boards, receiving 

data and sending data to computer through a microcontroller HC12. From the 24 

monitoring boards, the multiplexing board accepts the inputs and uses 4 to 16 decoders to 

access the individual readings. The outputs of the 16-to-I analog multiplexers are feed to 

a differential amplifier, and then through a 8 bit A/D converter the analog signals are 

changed to digital signals that can be read by computer. 
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Fig. 4.6 Fuel Cell Voltage Monitoring System Diagram 

HC12 is the core of the subsystem, which addresses multiplexers and A/D 

converters to determine the operation conditions (on or off). The HCI2 also outputs all 

data through its serial coimection to an outside computer. The data output data from the 

subsystem is encoded in hexadecimal form and can be viewed with either LabVIEW or 

HyperTerminal. As the fiiel cell carmot immediately provide the power when first turned 

on, the voltage monitor system will also give out signals to switch power from battery to 

fiiel cell. 

The data and control lines are isolated between the high voltage boards and the 

multiplexer board with the use of opto-couplers. Isolated DC-DC converters are used to 

protect the HC12 from any potential voltage spikes from the high voltage side and to 

isolate the I2-volt system of the vehicle from the high-voltage system. 
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4.6 Battery and Battery Monitoring System 

As mentioned above, before fuel cells generate power high voltage battery is 

necessary to provide power to the auxiliary systems such air coprocessor and cooling 

pump. Instead of many heavy lead-acid batteries, two Toyota Prius 273V NiMH battery 

packs, which provide a higher energy to weight ratio than lead-acid ones, are used in the 

truck. 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 parallel two giving 13 AH. 

NiMH batteries are volatile and must be monitored continuously during charging 

and discharging. Cells can reverse polarity if allowed to discharge below 0.9V per cell. If 

the batteries are overcharged, they may explode because excess electrical energy will be 

converted to heat inducing thermal runaway conditions which will result in the venting of 

gases and probable destruction of the pack. In practice, fans are mounted to physically 

decrease the batteries' temperature. 

To monitor the battery modules an important problem is to isolate the high 

voltage monitoring lines from the low voltage monitoring hardware. Optical isolator is 

one solution that the output is produced from input without electrical connection shown 

in Fig. 4.7. 
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Fig. 4.7 Battery Voltage Monitoring System Circuit 

The opto-isolator would provide a linear response to the input voltages involved 

in this application. An 1IV Zener diode is used to set the vohage range of measurement 

from 12V to 20V in each two modules. The phototransistor on the right generates a linear 

output from 5V to OV. The 19 outputs from one battery pack sent to multiplexer that is 

controlled by HC12 microcontroller will be collected by computer via RS-232 cable and 

monitored by LabVIEW program. 

4.7 High Voltage System 

In the vehicle, a high voltage system is defined as the voltage exceeds 50V. The 

batteries provide power at the beginning to the auxiliary parts and worming up fiael cell, 

and then the fiiel cell produces the electricity that will be stored in these batteries and 

drive auxiliary systems such as DI water cooling and air compressor. The power 

conditioning unit consists of two major components: an inverter and a rectifier. This 3-

phase output will be rectified and kept a slightly above the battery pack voltage until the 
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battery pack is charged. One front motor and one back motor and two motor controllers 

are used to drive the vehicle. The layout is shown in Fig. 4.8. 
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Fig. 4.8 Power Conditioning Diagram 

The most critical problem is that all high voltage system must be isolated from the 

vehicle chassis to prevent electrical shock. Ground-fault detector that alerts the operator 

of the vehicle to any ground faults on the vehicle is installed to monitor the isolation 

between the battery pack and chassis ground. 

To monitor the total energy to and from the battery pack and fuel cell during 

operation and charging, two e-meters are set up in the vehicle. From the e-meters, it is 

easy to know the current voltage, current, and ampere-hour in the power sources. The 

meter has the RS-232 data port option that can transmit data to computer. 

Safety is a major concern when working on or with the Explorer. For this reason, 

an Emergency Disconnect Switch (EDS) system is fitted. The purpose of the EDS system 

is to disconnect the entire vehicle electrical system from the battery pack in case of an 

emergency or merely to de-energize the vehicle when it is not in use, minimizing possible 

exposure to high voltage [6], because the high voltage is extremely dangerous. In the 
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system it includes inertia switch, bumper switch, tether switch, manual isolation switch, 

and EDS. If any switch is thrown, the flow to the EDS solenoid will stop, disconnecting 

all vehicle systems from the high voltage batteries. 

4.8 Control System 

The control system is the core of the whole vehicle. It controls all the sensors and 

actuators. The control system does all the data acquisition, signal processing, 

communication and control of the whole vehicle. 

The hardware used in the control system is PXI8170/850 controller, and the 

software is LabVIEW Real Time (RT), both from National fristrument Company. 

LabVIEW RT handles the source data, including operational parameters, cell voltages, 

and remote data. To process the huge amount of data, a fast Real Time controller is 

necessary. Data Acquisition (DAQ) Cards interface with the controller realize the 

required fimctions. Fig. 4.9 shows a diagram of the RT control system and its interface 

with other subsystem. 
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During operation, if the control system finds any potential problems, it can shut 

down all subsystems and disconnect the high voltage system from the battery pack and 

any loads. 
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CHAPTER V 

LOW VOLTAGE SYSTEM 

5.1 Low Voltage System Design Principle 

Low voltage system includes the low voltage electrical accessory system and 

other ancillary equipment used in the vehicle. Low voltage consists of any potential of 

50V or under between any two conductors (D.3.1.8) [6]. In the fuel cell vehicle, the main 

system is 12 volts with some units operating at 5 and 24 volts. The system loads include 

all the vehicle stock system as well as a number of added 5, 12 and 24 volt electrical 

loads. The stock accessory systems consist of power lock, power windows and doors, and 

radio, etc. The extra systems are composed of sensors, actuators, relays, and DC-DC 

converters, etc. Many systems on stock vehicles are belt driven from the internal 

combustion engine. Since a fiiel cell substitutes for the engine, some accessories are no 

longer used. On the other hand, a lot of new components are added to the vehicle for fiiel 

cell ftinctions and to replace certain accessory parts. Therefore, the new low voltage 

system for a fiael cell vehicle is totally different from one on a standard vehicle. As fiiel 

cell is frail, accurate measurements of the fiael cell are required to maintain efficient 

operation and insure that there is no damage to the fuel cell membrane (the heart of the 

fuel cell). Signal conditioning circuits, required for sensors and actuators, also belong to 

the low voltage system. 

One important issue in the design of the low voltage system is to make sure that it 

is completely isolated from the high voltage system. As the negative side of low vohage 
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system is ground to chassis, bad or uncompleted isolation will lead to electrical shock, 

over current, fire or other hazards. 

To prevent short-circuit currents, all electrical circuits are fused (i.e., all wiring 

has fuse protection). The fuses are fast reaction fuses to minimize delay time through the 

circuits. All small electrical connections and parts (such as terminal strips, junctions, 

shunts, relays, etc.) are contained in enclosed boxes. The length of wire is kept to a 

minimum. All wiring is strain-relieved and securely fastened throughout the vehicle to 

minimize movement. Wires that may be damaged by moving parts, bending, chaffing on 

comers or surfaces, crushing, or corrosive liquids are protected by nonmetallic protective 

conduit, isolation tapes or similar protection. When a wire passes through a frame, panel, 

or bulkhead, it is protected by feed-throughs or grommets securely fastened to the 

opening. 

All small electrical connections, parts (such as terminal strips, jimctions, relays, 

etc.) and designed electrical PC circuits are contained in enclosed boxes. To keep boards 

from contacting with other energized siu-faces or wires, plastic boxes are particularly used 

because of its high electrical isolation property. The boxes that are not put up directly 

under components containing fluids and liquid-fill areas also can shield little liquid 

leaked or spilled from other components. 

For operation one fianction can be implemented by a number of components. 

However each component has its own used range of temperature. All the components of 

the low voltage system are chosen for appropriate temperature for the system 

environment. 

36 



All electrical components belonging to the low voltage system are covered or 

shielded to prevent any tool or small metal part from falling onto exposed energized 

surfaces and causing a short circuit. For the components, all positive energized surfaces 

(i.e., terminal, battery post, bolt, etc.) are covered to satisfy the "drop-proof criteria. 

In summary, to satisfy these requirements, a total new low voltage system was 

designed and implemented in the fuel cell vehicle. It is shown in the following Fig. 5.1. 
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5.2 Low Voltage System Instruments 

Instruments for the low voltage system of fuel cell vehicle consists of solenoids, 

sensors, actuators, relays, fuse, connectors, wires, etc. These instruments are critical since 

without them, it would be incredibly difficult to provide power to other systems, obtain 

readings from mechanical devices and control operation of the components. The design 

threads, electrical instruments and some designed circuit schematics in this system will 

be explained and described in the following paragraphs. 

5.2.1 Battery Charging DC-DC Converter 

As the IC engine and alternator do not exist in the fiiel cell vehicle, the electrical 

power of low voltage system (12 V) is from either the high voltage battery packs or the 

fliel cell (about 300 V), while maximizing the vehicle efficiency. A high power Battery 

Charging DC-DC converter will bridge the voltage difference between the high voltage 

source and the low voltage system. The converter is an electronic power supply that takes 

high voltage DC power from the vehicle battery pack or fuel cell, and provides an 

isolated 12 volt output to power standard accessories. 
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Fig. 5.2 Battery Charging DC-DC Converter 

The converter made by Solectria Company (shown in Fig. 5.2) can accept a 

maximum input range of 200 to 400 volts and provide a continuous 750 watt 13.5 V 

(current peak 58 A (g 13.5 V) to charge the 12 V battery. Instead of choosing standard 

DC-DC converters. Battery Charging DC-DC converter can adjust current output to 

accommodate the charging requirement of the battery as charging current changes with 

loads and remain the electrical system very constant. Because common DC-DC 

converters do not have this capability, they often bring out overheating and overcharging 

problem. 

Unlike standard converters, the Battery Charging DC-DC converter can operate in 

parallel with another Battery Charging converter to handle system with high power [16]. 

It also has a thermal management system that protects the unit from damage due to 

excessive operating temperatures (-45''C to -i-85''C). A 100-CFM cooling fan mounted on 

the converter helps bring down the converter temperature to maintain high output power. 
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5.2.2 12 V Lead-Acid Battery 

A battery is a device for storing energy in chemical form which can be released as 

electricity. It has two or more cells (a container with two electrodes in contact with an 

electrolyte that produces a voltage determined by the chemistry used) typically connected 

in series (to produce a higher voltage). 12 V lead-acid batteries that are six 2.2-voIt cells 

connected in series (which produces a nominal 13.2 volts D.C.) are widely used in 

automobiles to provide power for the low voltage system. 

Batteries have a rated capacity, abbreviated as "C" and stated in amp-hours (Ah). 

It is usually measured at a discharge rate of C/10 at 20°C because the capacity is very 

dependent on the discharge rate and temperature. The original battery in the truck has the 

capacity of 75 Ah. But in the fliel cell vehicle the battery does not necessarily need such 

big capacity. One reason is that as air conditioning system, power break and power 

steering system are not installed in the vehicle, the output current from the battery is 

much smaller. The other reason is that the peak current of Battery Charging DC-DC 

converter is 58 A. After carefiil calculation, it is estimated that the withdrawn current is 

less than twenty amperes when highlighters are off Therefore a 40 Ah motorcycle battery 

is mounted with much smaller size and much lighter weight. Actually during the dynamic 

testing the current drawn from the battery is about 16 A without highlighters and about 

45 A with highlighters and wipers working. 

40 



5.2.3 12 V System Auxiliary Battery Disconnect Switch 

For the reason of safety and convenience, a disconnect switch in series with 12 V 

battery is placed beside the battery. The switch terminal is on the negative battery lead 

(i.e., other than ground potential). It disconnects the 12 V system energy source to make 

the vehicle inert for working on permanently energized 12v components, disconnects any 

'phantom loads' that may discharge the 12v battery over time, and a consistent point for 

emergency response personnel to cut off a possible ignition source in case of a fuel spill 

or other hazard. 

5.2.4 Main Power Distribution Box (Fuse Box) 

Under the hood of the truck the main Power Distribution Box (Fuse Box) is 

located just behind the battery on the driver side shown in Fig. 5.3. It contains a number 

of fuses and relays for the stock circuits of the vehicle. 

Several openings are empty such as No. 8, 30, and 31 and several fuses once for 

IC engine vehicles are no long used such as fuse No. 26 for fuel pump and fuse No. 46 

for injectors. New plug-in fast fiises are placed in these positions for the added electrical 

circuits which are for cooling fans, DI water pump, fiiel cell monitor system and sensors, 

etc. to protect instruments from being damaged by short-circuit current. As the devices 

are very sensitive to increased current, the fast fuses are open quickly when the current 

through the fuse exceeds the current rating of the fuse. 
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Fig. 5.3 Main Distribution Box (Fuse Box) 

The reason for putting additional fuses here other than near instruments is that it is 

easy to find and replace blown fiases and likes much professional. 

5.2.5 Energy Meter (E-Meter) 

There are two E-meters that will be installed in the truck's dashboard, one for the 

fuel cell and the other for the NiMH batteries. They are micro-controlled devices capable 

of measuring voltage, current, amp-hours, time remaining, temperature, and kilowatt 

hours. The power are isolated 12 V DC from the battery and the current range is 50-

150mA with fuse protection. The DC-DC converters main function is to keep isolation 

between 12 volts and high voltage source other than provide constant DC voltage. 

Otherwise E-Meter will make a high voltage path to chassis ground, or ground fault. The 

schematic of E-Meter connection with is shown is Fig. 5.4. The shunt resistor is a special 

kind resistor used to measure high voltage source current with 500 A @ 50 mV. The 
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prescaler transforms high voltage to low voltage and therefore protects the instrument 

from high voltage. The circuit also has been protected by a high voltage fuse. 
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Fig. 5.4 E-Meter Connection Schematic 

5.2.6 Ground Fault Detector 

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 voltage monitoring, fuel cell monitoring, the battery box, and the chassis of the motor. 

To prevent electrical shock, one instrument named Ground Fault Detector IR475LY 
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shown in Fig. 5.5 is equipped to monitor the isolation between the high vohage source 

and chassis ground. 

The power source of the detector is 12 V DC from the battery. From the 

recommendation of manufacturer two 6 ampere fuses are inserted in both positive and 

negative (ground) power lines shown in Fig. 5.1. The detector is the only one that needs 

fuse protection in ground line. To avoid confusion and facilitate repair the fuse used in 

ground line is chosen as in-line fuse mounted in the in-line fiise holder other than plug-in 

fuse mounted in Power Distribution Box. The fiise in positive line is still in the fuse box. 
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Fig. 5.5 Ground Fault Detector 

5.2.7 Emergency Disconnect Switch (EDS) 

In order to provide safety for any person working on the truck a system called 

Emergency Disconnect Switch (EDS) is designed and installed, the diagram shown in the 

following Fig. 5.6. If any of the dash switch, bumper switch, inertia switch, tether switch 

or ground fault switch is open, the fransmission line from the battery becomes de-
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energized, which open relay in the high voltage system. So the de-energized relay cuts off 

high voltage circuits immediately. 

Each switch is connected to a relay (not shown in Fig. 5.6) so that normally 

closed switches could be used. The relays are the Mouser 431-0112 Single Pole Double 

Throw 12 V relays. The relays have a contact rating of 240 V AC or 110 V DC at 10 

amps. The relay circuits for normally closed switches can be seen in Fig. 5.7. 
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Fig. 5.6 Emergency Disconnect Switch 
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Fig. 5.7 Normally Closed Circuit 
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5.2.8 DI Water Pump 

The humidification system will be used to keep the hydrogen and air to the fuel 

cell moist, see Fig. 4.5. A booster pump and fuel injectors make up the main components 

of the humidification system. The booster pump will provide DI water at a rated 160psi to 

the fuel injector, which then atomizes the water and displaces it into the humidification 

chambers. The DI water pump is a 12V DC motor that is controlled by LabVIEW to be 

either on or off with a current capability of 600mA. The fiael injectors will also be 

controlled by LabVIEW using a 5V pulse width modulated (PWM) signal. 

5.2.9 Auxiliary Instruments 

Described in the previous chapter fuel cell monitor system includes many A/D 

converters, multiplexers, decoders, differential amplifiers and one HC12 microcontroller. 

These devices need 12 V power for operation and one fuse is added in the fuse box to 

protect the whole system. 

To keep instruments from overheating several cooling fans are mounted near 

them to low down the temperature. One big fan between the radiator and fuel cell is used 

to cool down the fuel cell and several small fans (lack of space) are mounted imdemeath 

the chassis to bring down the temperature. The motor controller could shut off 

automatically for the reason of hot weather and short of flowing air. Twelve volts are 

supplied to the fans from the battery through fuses box. 

The dashboard instrument cluster on the Ford Explorer displays several 

parameters that are critical to the fiael cell and electrical systems that are the basis for this 
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vehicle. Dashboard gets power from the battery to energize meters. But all fuses and 

relays are set up in the junction box rather than the main power distribution box. 

Two motor controllers used in the fuel cell vehicle need 12 V DC and are 

protected by fuses. 

5.3 Sensors 

For efficient working of a fuel cell it is very important to use sensors to monitor 

temperature, pressure, and humidity, etc. Any error information notifies the driver of any 

problems that it is required to shutdown of the vehicle (either automated or manual). 

Examples of various problems that could occur are a hydrogen leak, overheating of the 

fiiel cell stacks, or water levels falling too low. Therefore a number of sensors, as part of 

low voltage system, have been mounted in the fuel cell vehicle shown in figure 5.8 and 

listed in Table 5.1 with the sensor types and functions. 
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Table 5.1 List of Sensors used in Fuel Cell Vehicle 

Sensors Location Function 
1 emperature Sensor 

T1 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

Fuel Cell DI Water Inlet 

Fuel Cell DI Water Outlet 

Hydrogen Humidifier 

Oxygen Humidifier 

Air Compressor 

Hydrogen Tank 1 

Hydrogen Tank 2 

After Heater 

Measure temperature of water entering the fuel cell 

Measure temperature of water exiting the fuel cell 

Measure temperature of hydrogen entering fuel cell 

Measure temperature of oxygen entering fuel cell 

Measure temperature of oxygen exiting air comp. 

Measure temperature of hydrogen in tank 1 

Measure temperature of hydrogen in tank 2 

Measure temperature of water out of heater 
Pressure Sensor 

PI 

P2 

P3 

P4 

P5 

P6 

P7 

Fuel Cell DI Water Inlet 

Hydrogen Humidifier 

Oxygen Humidifier 

Fuel Cell Hydrogen Out 

Water Input Line 

Hydrogen Tank 1 

Hydrogen Tank 2 

Measure water pressure in the coolant loop/fuel cell 

Measure pressure of hydrogen to the fuel cell 

Measure pressure of oxygen to the fuel cell 

Measure pressure of hydrogen out of the fuel cell 

Measure pressure of humidification water 

Measure pressure of hydrogen in tank 1 

Measure pressure of hydrogen in tank 2 

Humidifier Sensor 

HI 

H2 

Hydrogen Humidifier 

Oxygen Humidifier 

Measure humidity of hydrogen entering the fuel cell 

Measure humidity of oxygen entering the fuel cell 

Conductivity Sensor 

CI 

C2 

Radiator Outlet 

DI Water Tank 

Measure conductivity of DI water in cooling loop 

Measure conductivity of humidification DI water 

Level Switch 

LI 

L2 

L3 

Hydrogen Humidifier 

Oxygen Humidifier 

DI Water Tank 

Dump excess water from humidification chamber 

Dump excess water from humidification chamber 

Indicate low level of humidification water 

Hydrogen Detector 

G1 

G2 

G3 

Engine Bay 

Hydrogen Tank Box 

Highest Point in Cabin 

Sense hydrogen leaks in engine bay 

Sense hydrogen leaks in hydrogen tank box 

Sense hydrogen leaks in cabin 

NiMH Battery Pack Sensor (now shown in Fig. 5.8) 

B1 ~B10 

Hall 
Sensor 

Top of Battery Pack 

Side of Battery Pack 

Sense battery pack temperature 

Measure current in battery pack 
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To control the gas and liquid flow, some solenoid valves and other valves are used and 

shown in Table 5.2. The solenoid valves are powered by 12 V DC and controlled by solid 

state relays. 

Table 5.2 List ofValves in Fuel Cell Vehicle 

Valves 

Manual 1 

Manual 2 

Manual 3 

Manual 4 

Solenoid 1 

Solenoid 2 

Solenoid 3 

Solenoid 4 

One Way 1 

One Way 2 

One Way 3 

Proportional 1 

Proportional 2 

Location 

Front of fuel cell 

Middle left frame 

Left rear tank box 

Left rear tank box 

Hydrogen humidifier 

Oxygen humidifier 

Left rear tank box 

Right rear tank box 

Hydrogen humidifier 

Oxygen humidifier 

Rear tank box 

Right frame 

Right frame 

Function 

Open and close nitrogen stack pressure line 

Purge hydrogen from system w/o air compressor 

Purge hydrogen from system w/ air compressor 

Manual hydrogen shutoff 

Dump excess water from the humidifier 

Dump excess water from the humidifier 

Tank 1 hydrogen shutoff 

Tank 2 hydrogen shutoff 

Prevent hydrogen from mixing with oxygen 

Prevent oxygen from mixing with hydrogen 

Prevent nitrogen from entering hydrogen tanks 

Control the hydrogen pressure in the fuel cell 

Control the oxygen pressure in the fuel cell 

The wires of sensors, actuator and solenoids are hooked into the ports of National 

Instrument (NI) 6025E boards (totally four boards) shown in the figure 5.9, which is 

connected to NI PXI controller. The pin assignments for the lOO-I/O ports of the boards 

are shown in the appendix A [17]. Any signal from or to the devices of low vohage 

system communicate with computer are through the boards and PXI controller. The 

wiring diagram low vohage system is shown in the Fig. 5.10. 
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Fig. 5.10 Wiring Block Diagram 

Different sensors often require different DC power levels and circuits to export 

electrical signals. The sensor terminal box includes several multiple-purpose PC boards 

with these circuits on them shown in Fig. 5.11. In the following paragraphs, each type of 

sensors is introduced and some circuits are shown. 
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PC Board 

Fig. 5.11 Terminal Box with PC Board 

5.3.1 DC-DC Converter 

A DC-DC converter is a device that accepts a DC input and produces a DC output 

voltage. It could be step-down (Buck) converter to lower input voltage, or step-up 

(Boost) converter to increase input voltage or Cuk convert [20]. One type (Buck-Boost 

converter) converter is shown in Fig. 5.12. 
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OUTPUT 
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Fig. 5.12 Schematic of Buck-Boost Converter 
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Fig. 5.13 Waveforms of Buck-Boost Converter 

With continuous conducfion for the Buck-Boost converter, Vx =Vin when the 

fransistor is ON and Vx =Vo when the transistor is off For zero net current change over a 

period, the average voltage across the inductor is zero. From the waveforms shown in 

Fig. 5.13, it is easy to get 

VintQ^ + VotQpp = 0 
(5.1) 

which gives the voltage ratio 

Vo D 

Vin (1-Z3). (5 2) 

Since the duty ratio "D" is between 0 and 1, the output voUage can vary between lower or 

higher than the input voltage in magnitude. The negative sign indicates a reversal of 

sense of the output voltage. 

Three converters used in the vehicle are made by Pico Company. They are 12 V 

to 5 V (Buck), 12 V to 12 V and 12 V to 24 V (Boost) regulated and isolated DC-DC 

converters because some sensors need 5 V DC supply and some use 24 V DC power. 
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Sensors are very sensitive devices while the varying battery voltage and loads could bring 

much noise to sensors. The regulated converters are necessary to maintain a constant 

voltage within the load limits of the circuits. The output voltage tolerance is only 1% at 

typical input voltage. Also to minimize noise from other components of the low voltage 

system and usually output noise appearing as common mode noise at the converter, the 

converters with high isolation capability of 1500 V DC are chosen to separate the sensor 

rails and power source rails. This can be implemented through replacing the inductor (in 

Fig. 5.10) by a transformer and removing of the common reference of the input and 

output circuits. Therefore the ground of sensors is different from the battery ground 

(vehicle chassis ground) shown in Fig. 5.14. In each circuit of the converter, a fiase is 

settled to protect sensors in case of failure of the converter. 
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Fig. 5.14 DC-DC Converters 

5.3.2 Temperature Sensor 

There are two types of temperature sensors: active and passive. Example of active 

sensors is thermocouples, which has two dissimilar metals that produce a voltage 

depending on the temperature. An example of passive sensors is RTD (Resistive 
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Temperature Devices) which change their resistance depending on the temperature. 

Temperature sensors used in the vehicle are Newport Inc. product (Platinum RTD-810). 

The temperature sensor is connected to a MTX series transmitter that produces a 4-20mA 

output proportional to that produced by the attached sensor. Advantages of a current 

output over a voltage output is that it is less susceptible to noise interference and allows 

the coimection of more than one meter or recorder to the loop as long as the maximum 

resistance is not exceeded. A 200 Ohm load resistor converters the current signals to 

voltage signals, which are sent to DAQ card for computer processing, in the range of 0.8 

to 4 vohs proportional to -17.78 to 148.89°C. The relationship can be found in the 

following equation: 

j^ = ((300x/3.164-75)-32)*5/9 (5.3) 

where x is the voltage reading and y is the temperature (centigrade). The circuit of the 

temperature sensor is shown in Fig. 5.15 except hydrogen tank temperature sensors for 

they are built in the tanks. 
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Fig. 5.15 Temperature Sensor Circuit 
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A temperature sensor located in the vehicle is no help if it is inaccurate. Proper 

calibration before installation ensures that the temperature sensors provide accurate 

readings. Simply stated, temperature calibration consists of adjusting the transmitter to 

ensure that the output follows the input. 

Another kind temperature sensor is hydrogen tank temperature sensor. Without 

transmitters it needs isolated 5 volts as power supply and the outputs are 0.25 to 4.75 V 

voltage signals corresponding to -50 to 150^C with the relationship 

.v = 400.t/9-550/9 (5.4) 

where the x is the voltage reading and y is the hydrogen tank inside pressure (psi). 

5.3.3 Pressure Sensor 

Pressure P, is defined as force, F, per unit area. A: 

P = FIA. (5.5) 

It is sensed by mechanical elements such as plates, shells, and Uibes that are designed and 

constructed to deflect when pressure is applied. This is the basic mechanism converting 

pressure to physical movement. Next, this movement must be transuded to obtain an 

electiical voltage output sent to the DAQ board. The AST4000 series pressure sensor 

manufactured by American Sensor Technologies is suitable for the vehicle because it 

resists high vibrations and shock, electrical noise, and temperature extremes. The input is 

the isolated 12 V DC and it produces a I~5 V DC output corresponding to 0 to 50 psi. 

The relationship is: 

>; = 12.5x-12.5 (5.6) 
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where the x is the voltage reading and y is the pressure (psi). 

The hydrogen tank pressure sensors are totally different from the pressure sensors 

mentioned above because the pressure inside the tank is as high as 5,000 psi. They need 

the isolated and regulated 5 V DC as input power and output is 0.5 to 4.5 V DC 

proportional to 0 psi to 6,500 psi with: 

^ = 1625.1-812.5 (5.7) 

where x is the voltage reading and y is the hydrogen tank inside pressure (psi). 

5.3.4 Level Sensor (Level Switch) 

Water level switches from FlowLine Inc. are used to monitor the level of de-

ionized water in the water tank and humidifier chambers and to notify computer of any 

excess water in the chambers. Excess water will be dumped out. 

The level switch causes a closed circuit or an open circuit depending on the water 

level. If the water level in the reservoir is lower than the water switch an open circuit 

occurs, and vice versa, shown in Fig. 5.16. Since the switches do not produce any vohage 

or current output, a simple voltage divider circuit is design to produce 0 or 5 V DC to 

DAQ card through a 4.7 K Ohm pull up resistor. The highest current the switch can 

sustain is 0.3 ampere. If the switch closes, the DAQ card will read across the resistor 

which produces a 5 V DC voltage drop. If the switch is open, no current goes through the 

resistor and no voltage appears. The power to the circuit is isolated 5 V DC because any 

voltage sent to the DAQ card higher than 10 volts will immediately damage the card. 
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Fig. 5.16 Level Sensor Circuit 

5.3.5 Conductivity Sensor 

Water has different ratings. There are non-portable water (water used for toilets), 

portable water (used for drinking possibility), soft water, osmosis water and de-ionized 

water listed in order of increasing resistance. De-ionized water coolant water is required 

for the fuel cell flows between the two electrodes. To reach the resistance needed, 

portable water is taken from the main supply sent through filters and then through ion 

exchangers that take the ions from the water to make it de-ionized [18]. 

The conductivity of water is determined by the amount of ions resident in the 

water. The greater the amount of ions, the higher the conductivity of the water is. The 

criterion for the fuel cell is that conductivity is less than 0.5 us/cm, which means a 

resistivity greater than 2 Mfi-cm [19]. To measure the water resistance in fuel cell 

vehicle, two conductivity sensors are used. The sensors are inserted into the water 

reservoir, detect the amount of ions present in the water and sent signals out. The one 

used in the DI water tank is a 3700E-series encapsulated electrodeless conductivity 

sensor with a 697E3 non-indicating two-wire electrodeless conductivity transmitter, both 
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from GLI Internal Inc. The input voltage is isolated 24 V DC and the output is 4 - 20 mA 

current, which is converted into 1 ~ 5 V voltage by a 250 Ohm load resistor 

corresponding to the conductivity in the range of 0 ~ 1000000 us/cm. The relationship is 

given by: 

V = 2 5 0 0 . Y / 4 - 2 5 0 0 / 4 (5.8) 

where x is the voltage reading and y is the conductivity (us/cm). 

The other one mounted in the fuel cell cooling loop is a resistivity sensor made by 

Myron L Comp. with a RSTX-201 transmitter from Omega Engineering Inc. Also the 

isolated 24 V DC is the input voltage and a 250 Ohm resistor changes the output current 

4 - 2 0 mA into 1 ~ 5 V, corresponding to the resistivity of 20 MQ -cm (= 0.05 us/cm) ~ 0 

MQ -cm. Equation 5.9 shows the relationship: 

>; = -5x + 25 (5.9) 

where the x is the voltage reading and y is the resistivity. The circuit of these two sensors 

and transmitters is shown in Fig. 5.17. 
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Fig. 5.17 Conductivity Sensor Circuit 

5.3.6 Humidity Sensor 

Humidity typically expressed as grams of water vapor per cubic meter volume of 

air. However the capacity of air to hold water is heavily dependent on the temperature of 

the air. The warmer the air, the more moisture it can hold. Therefore relative humidity 

(RH %) is more accurate to describe water vapor under certain environment. It is defined 

as the ratio of the water vapor pressure to the saturation vapor pressure at the prevailing 

ambient temperature, expressed as a percentage. For the reaction between hydrogen and 

oxygen in the fuel cell, hydrogen needs 75 ~ 90% and oxygen needs 50 ~ 80% relative 

humidity prevent the membrane from drying out and rupturing or overheating. The 

HX94V RH sensors mounted in the humidifier chamber by the Omega Engineering Inc. 

measure the relative humidity of hydrogen/oxygen coming into fuel cell. The sensors are 
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fundamental (or primary) sensors, which are based on well-defined thermodynamic 

principles such as water vapor condensation as a function of air temperature and 

atmospheric pressure. 

The sensor has 12 V input and 0 ~ 1 V output connected to DAQ card, 

corresponding to 0 ~ 100% relative humidity (RH %). The formula is: RH% = V * 100, 

where V is the signal reading in the range of 0 ~ 1 volt. With a thin-film 100 ohm 

platinum RTD resistor inside the sensor it also can measure temperature with output 0 ~ 1 

V, corresponding to 0 ~ 100 Centigrade. The formula is: Centigrade = V * 100, where the 

V has the same means as mentioned above. The schematic of the sensor wiring is shown 

in Fig. 5.18. 
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Fig. 5.18 Humidity Sensor Schematic 

5.3.7 Hydrogen Detector 

The fiiel used in the vehicle is gaseous, compressed Hydrogen which is the 

lightest element, and is very buoyant in air. This fact means that it diffiises very rapidly 

and seeks the highest local collection point, the number and size of collection points must 

be minimized, and many important precautions must be taken. Because hydrogen is 
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colorless and odorless, it is very difficult for the operator to detect the presence of excess 

hydrogen in the air. Hydrogen detectors are strategically placed in collection points, 

shown in Fig. 5.8 and Table 5.1, to indicate leakage as little as Ippm. In addition, an 

audio alarm is connected to each sensor. 

The devices, made by Argus Group, Inc without a controller, employ a vibration 

and water-resistant design. They supply the outputs and the operator uses the output 

signals for the control. The sensor has four wires: two are power wires, the other two are 

signal wires. The input voltage is 12 volts and the output voltage is 0.5 ~ 4.5 V DC 

corresponding to 0 to 10,000ppm with equation: 

>; = 5000 A: - 2500 (5.10) 

where x is the voltage reading and y is the hydrogen tank inside pressure (psi). 

5.3.8 NiMH Battery Pack Temperature Sensor 

As introduced in the previous chapter, NiMH batteries are volatile and must be 

monitored continuously during charging and discharging. From Fig. 5.19, it is seen that 

the temperature also goes up when the battery pack voltage increases [21]. Compared to 

directly get the high voltage signals from the battery pack, it is easy to obtain the 

temperature signals because of the isolation between the high voltage source and low 

voltage side. Also for the NiMH battery pack the rate of change of the temperature 

(dT/dt) should not exceed 2°C/min^ where T means temperature and t means time. 
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Fig. 5.19 Nickel-Metal Hydride Cell Charging Characteristics 

Since the temperature of these packs is primarily concerned, it will be monitored 

in and around the pack. Each Toyota battery pack has five thermistors which are used for 

temperature monitoring. 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 fiinction by providing thermocouples which vary in proportion to temperature. 

The curves of thermocouple resistance versus battery pack temperature are shown in Fig. 

5.20 and the actual data collected refer to Appendix B. Applying numerical methods ~ 

interpolation, the relationship between the resistance and temperature is approximately 

estabhshed in the equation 5.11, 

>/ = -0.0005x' +0.0387x' -I.089x' +14.696x' -98.77^ + 349.42 (5.11) 

where y is the temperature of the thermistor and x is the resistance of the thermistor. 
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Fig. 5.21 Thermistor Measurement Circuit 

From Equation 5.4, the temperature will be easily calculated when the value of 

resistor is obtained. However, it is difficult to directly measure the resistance of the 

thermocouples. The thermistors were coimected in a voltage divider network where 5 

volts DC is supplied across the thermistor and a 6.2kn resistor, which is shown in Fig. 

5.21. And the relationship is displayed by 

5*6200/(i? + 6200) = r (5.12) 
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where R is the thermistor resistance and V is the voltage reading. So the resistance value 

is deducted from the above: 

R = 6200*(5-l')/V. (5.13) 

Therefore, with the equations 5.4 and 5.6, the temperature is indirectly calculated by 

measuring the voltage across a 6.2kQ resistor. 

5.3.9 Hall Sensor 

Another important concern with the battery packs is the charging and discharging 

currents. As charging and discharging batteries at the same time, the currents of the two 

packs should be the same or nominal difference. Otherwise a current loop inside the 

packs will destroy cells for the cells have little resistance. Each pack has a Hall sensor 

that is used to monitor the current flow in and out of each pack in order to signify 

whether bad cells exist. 

The fiinction of Hall sensor is based on the physical principle of Hall effect 

illusfrated in Fig. 5.22 [22]. If an electric current flows through a conductor in a magnetic 

field, the magnetic field exerts a transverse force on the moving charge carriers which 

tends to push them to one side of the conductor. A buildup of charge at the sides of the 

conductors will balance this magnetic influence, producing a measurable voltage between 

the two sides of the conductor. The Hall voltage V is given by 

[*B 
V= (5.14) 

n*e*d 
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where I is electric current, B is magnetic field, n is density of mobile charges, e is 

electron charge and d is the thickness of conductor. 
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Fig. 5.22 Hall Effect 

The Hall sensors are made by Denso Company and can measure -150A to +150A 

current because charging current and discharging current have the reverse flow 

directions. The power supply to the Hall sensors is -12V to +12V DC implemented by 

two isolated DC-DC converters and the output current is -100mA to + 100mA. If the 

current reading is bigger than zero, it means outside energy source is charging the battery 

pack, and vice reverse. A 100 Ohm load resistor changes current signals to voltage 

signals. The schematic of Hall sensor is shown in Fig. 5.23. 
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Fig. 5.23 Schematic of Hall Sensor Circuit 

Lack of original data of Hall sensor from the manufacturer, actual data 

measurement is listed in Table 5.3 and the curve is drawn in Fig. 5.22. 

Table 5.3 Hall Sensor Data Measure 

1 
2 
3 
4 
5 
6 
7 

Hall Sensor Reading (V) 

0.25 
0.23 
0.22 
0.21 
0.20 
0.19 

0 

Current Reading (A) 

7.9 
7.0 
6.5 
6.2 
5.9 
5.7 
0 
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Fig. 5.24 Hall Sensor Measurement 

From the Hall effect Equation 5.14, the Hall voltage is linearly proportional to the 

current. Therefore the curve in Fig. 5.24 could be approximated to linear equation: 

y = 30x (5.15) 

where the x is the voltage reading and y the current value. 

5.4 Actuators 

With the concepts of having LabVIEW run all of the systems throughout the 

vehicle, the need of actuators are evident. The LabVIEW programs outputs 5V signals to 

whatever device which is to be turned on. However, in most cases the voltage is far too 

low to turn it on. Even if the voltage is high enough, the output current from LabVIEW 

may not big enough. The purpose of an actuator is to act as a medium between the 

LabVIEW system and the device. Whenever the 5V signal from LabVIEW is sent to the 

actuator, it connects the required voltage line to the device to be turned on. The functions 
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are implemented by either the combination of transistors and common relays or solid 

state relays (SSR). 

Transistors and common relays are cheap and small and easy to build in the PC 

board, but the current rate is low. They are often employed for the devices with low 

current such as humidifier injectors. When the LabVIEW signal tums the transistor on, 

the relay is energized and the device circuit becomes close. The schematic is shown in 

Fig. 5.25. 

Isolated 
5Vor12V 

. 1KQ Resistor 
D „ ^ ^ _^ Labview Signal 

from DAQ Card 
-AA/V-

NPN 
Transistor 

Fig. 5.25 Actuator Circuit Schematic 

The solid state relay (SSR), made by IFfrobotics Company, is commonly used for 

filming on solenoids and large machines because of big current going through. The SSR 

does not need transistor assist for it can be turned on by very small current. The examples 

of using SSR are air compressor, power conditioning unit, cooling pump, humidification 

pump, humidifier solenoid valves, hydrogen solenoid valves, etc. The disadvantage is 

SSR is expensive and big. 
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5.5 Electrical Noise Reduction 

In the fuel cell vehicle some instruments generate or use high current such as fuel 

cell, battery pack, motors and air compressor. The noise radiated from high currents has 

been a huge problem. Noise sources can affect any signal, and especially problematic for 

measurement signals because noise distorts the true value of the information. In efforts to 

reduce noise, capacitive noise coupling, magnetic noise, a combination of capacitive and 

magnetic noise coupling, computer glitches, ground loops, and device noise (thermal, etc) 

are considered. To eliminate these noises a number of noise reduction techniques are 

utihzed. 

Two of the main techniques used are wire twisted pair and shielding. Shielding 

involves running wires through a metal sheath, and grounding one or both ends. See Fig. 

5.26 below. 

Twisted Wires Shield 

Ground Ground 

Fig. 5.26 Electrical Noise Elimination 

This method reduces the capacitive coupling that may occur. What is more 

important than the sheath itself is grounding the metal sheet so that no noise voltage 

potential is produced at any end of the sheet termination. The type of shielding used is the 

webbed shielding which is mainly effective at low frequencies. At higher frequencies, the 

signal wavelength become smaller than the whole spaces in the shield weave, therefore. 
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the shield becomes none effective. The power cables from the fuel cell output are a 

twisted pair, shielded by a webbed type shielding with both ends grounded to one point 

on the negative output as in the figure below. One disadvantage of this is for a large 

system as the wiring is cumbersome. 

All other small signals are correspondingly shielded and grounded separate from 

the high current cable. The twisted wire pair is effective in reducing magnetic coupling. 

Shielding is effective in reducing capacitive noise coupling. Finally, grounding provides 

a path for each stray current path [23, 24]. 

Dual-Row 
Barrier ^ 
Strips 

Fig. 5.27 Sensors Connected to Dual-Row Barrier Strips 

Most sensors at the front of the vehicle first are connected to the Dual-Row 

Barrier Strips shown in Fig. 5.27 and then through the several multi-conductor cables 

send signals to the National Instrument 6025E boards shown in Fig. 5.27 at the back of 

the vehicle. The multi-conductor cables shield noise produced by big machines. Inside 
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the cable every two wires are twisted together and winded with shield. With the shielding 

accomplished, the signals are improved greatly even at high power dissipation. 
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CHAPTER VI 

TESTING AND DATA ANALYSIS 

6.1 Testing 

The experiment of testing the fuel cell powered vehicle was carried through on 

the chassis dynamometer, also called rolling road. The purpose of testing is to 

comprehend the fuel cell and the fuel cell powered vehicle performance. The testing 

results are representative of the data collected during the experiment by National 

Instrument data acquisition system. All the data are from sensors and actuators most 

belonged to the low voltage system. Data analysis will not only verify some of vehicle 

characteristics and clarify some concerns but also find the design limitation and 

determine the operating parameters for implementing the control strategy from passive 

confrol to active confrol to perfect the system design. 

The basic testing procedures are in the following: 

• Open H2 manual valve; 

• Energized H2 tank solenoid valves and open high voltage battery pack relay; 

• Start air compressor, cooling water pump and DI water pump; 

• Turn on humidifier injectors and DI water heater; 

• Ramp up air compressor and cooling water pump and make sure the water 

pressure and H2 pressure follow air pressure; 

• Monitor pressure, humidity and temperature of air, H2, and cooling water; 

• Monitor fuel cell and battery pack voltage; 
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• If everything in good condition, add load gradually and keep an eye on all 

parameters. 

When finish testing, shut down procedures are the reverse of the above. 

6.2 Data Analysis 

6.2.1 Actuators 

The actuators often have two states: true (means open) or false (means close). In 

the following graphs " 1 " indicates that the solenoid is in state "true", otherwise in state 

"false". 
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Fig. 6.1 Solenoid State during Fuel Cell Vehicle Operation 

Fig. 6.1 shows several solenoids' state during the fuel cell powered vehicle 

operation, hi the y coordinate the " 1 " means the solenoids open while "0" means they are 

close. From the graph it is clear that the sequence of solenoid opening is the same as the 
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procedure described in the section 6.1. For example. High voltage battery pack solenoids 

open fist and close last. 

When the DI water pump solenoid is on, DI water is pumped to the hydrogen 

humidifier chamber via injectors. The injectors' solenoid is open and close several times 

per second and the intervals depend on the injector duty cycle. If the duty cycle is 1/3, it 

means that in each second the injectors open 0.333 second and close for the rest 0.667 

second. Fig. 6.2 shows the DI water pump solenoid and hydrogen humidifier solenoid 

state. The air humidifier solenoid is similar with that of H2 and is not shown in the figure. 
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Fig. 6.2 H2 Humidifier Solenoid and DI Water Pump Solenoid State 

Another important actuator is power condition unit (PCU) solenoid. During initial 

startup of the truck, the high voltage battery pack powers only the auxiliary systems 

required for fuel cell operation. When the fiiel cell reaches its optimal operating condition 

and the PCU solenoid is on, the battery packs are shut down and do not power anything. 
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The fuel cell provides energy to all vehicle systems including charging battery packs. If 

under heavy load the fuel cell could not generate enough power, the PCU is closed and 

the battery pack will assist fuel cell. Fig. 6.3 shows the relationship between the PCU 

solenoid and the battery pack solenoid. When one stays in high state, the other will be 

low. 
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Fig. 6.3 Power Condition Unit Solenoid and Battery Pack Solenoid State 

The above graphs prove that the circuit design of these solenoids is correct and 

were successfully implemented according to the control strategy. 

6.2.2 Temperature Sensor 

Two temperature sensors are mounted to measure the water inlet and outlet 

temperature of fuel cell representative of the current temperature of the fuel cell, 

because it is important in keeping the cells in their operating temperature in the range of 

65°C to 85°C. Fig. 6.4 shows the temperature of cooling water into and out of the fuel 

cell. An aluminum radiator is used to cool water out of the fuel cell and also acts as a 
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reservoir. It takes away the waste heat and does reduce the water temperature about 10°C. 

After some time when cooling pump stops working at point 1700, the water also stops 

circulation and the inlet temperature and the outlet temperature become close. If the 

cooling water temperature is higher than 85"C, cooling fan will be turned on. If it is lower 

than 65°C, the fan should be off 

While a PEM fuel cell will run at room temperature, it has maximum efficiency 

below the boiling temperature of water at 80"C (but not over, otherwise the membrane 

will dry up, rendering it unable to carry protons). Therefore, heaters are recommended for 

the test cells to run efficiently. A fuel rail temperature sensor stays between the heater 

and humidifier chambers. It measures water temperature from heater and if it is bigger 

than 105°C, heater will be shut down. In both air and hydrogen humidifier chamber, a 

temperature sensor is used to monitor the air and hydrogen temperature. Fig. 6.5 shows 

the temperature changes during the fuel cell running. Near the point 1000, fuel cell was 

stopped and re-started running again. 
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Fig. 6.4 Cooling Water In and Out Temperature 
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Fig. 6.5 Temperature Sensor Readings 

6.2.3 Pressure Sensor 

The pressure of the water in the fuel cell must be in the range of 9-15 psi and the 

pressure between air, water, and hydrogen must be less than 5 psi, with the DI water 

being at least the pressure of the other two. hi the Dome Loaded Regulator, the pressure 

of the hydrogen matches that of the oxygen. This is a critical procedure, as the pressure 

of the two gasses must be within 5 psi of one another to prevent damage to the fiael cell 

plates. Figure 6.6 shows the pressure inside the air and hydrogen humidifier chamber. 

During the test compressor voltage was ramped gradually to bring up air pressure to 10 

psi before going into fiiel cell. When air compressor vohage dropped to zero, the 

compressor stopped sending air and Dome Loaded Regulator also suspended converting 
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hydrogen to the fuel cell. Therefore pressure is important in determining the flow raters 

and voltage produced from fuel cell statck. 
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Fig. 6.6 Air and Hydrogen Humidifier Temperature 

Hydrogen is an explosive gas. Too much high pressure is dangerous. Monitoring 

the pressure can find out how much hydrogen is consumed in the reaction. It is necessary 

to refill the hydrogen tank if the pressure is too low. Fig. 6.6 shows the hydrogen tank I 

and tank II pressure changing in the test. 
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Fig. 6.7 Hydrogen Tank I and Tank II Pressure 

6.2.4 Humidity Sensor 

For the reaction between hydrogen and oxygen in the fiiel cell, hydrogen needs 75 

~ 90% and oxygen needs 50 ~ 80% relative humidity prevent the membrane from drying 

out and rupturing or overheating. The water for the humidification chambers is ejected 

into the humidification chambers via fuel injectors. The injectors are controlled through 

LabVIEW, which provides a pulse width modulated (PWM) signal to confrol the relative 

humidity in the chambers. Two relative humidity sensors are separately mounted in the 

air and hydrogen humidifier chamber to measure the humidity of air and that of hydrogen 

entering into fiiel cell. 

Fig. 6.7 shows the hydrogen and air relative humidity inside the humidifier 

chambers. Fig. 6.8 shows the hydrogen and air humidifier injector duty cycle (Hz). If the 

hydrogen humidity is less than 75%, duty cycle is increased by 0.05 until the humidity 
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reaches 75%. If it is higher than 90%, duty cycle is decreased by 0.05 before the humidity 

gets to 90%. For air humidity, 60% and 80% are the board lines. 
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Fig. 6.8 H2 Relative Humidity and Air Relative Humidity 
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Fig. 6.9 H2 and Air Humidifier hijector Duty Cycle 

The air humidity always is a big problem puzzling the team for it drops quickly 

during fiiel cell operation. And sometime it is hard to bring it up even increases the air 

humidifier injector duty cycle greatiy. 
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6.2.5 Hydrogen Detector 

Hydrogen detectors monitor the hydrogen concentration in the air. They indicate 

hydrogen leak as little as 1 ppm (part per million). If the concentration is higher than 

10,000 ppm, the system will give out alarm. If it is higher than 20,000 ppm (2 %), the 

whole system will be shut down in case of danger. Fig. 6.9 shows hydrogen concentration 

recorded by the three detectors. It clearly points out that there is no hydrogen leak 

problem. 
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Fig. 6.10 Hydrogen Concentration (ppm) 
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CHAPTER VII 

CONCLUSIONS 

The objective of this project was to design and build low voltage system for the 

fuel cell powered vehicle. These circuits were successfully designed, built and tested. 

They were successfully implemented on the Futuretruck 2002, built by Texas Tech 

University. Hardware for most sensors and actuators were used in conjunction with 

Lavbiew to record data on operation of the electrical vehicle. Most part of the system 

works very well itself and with other subsystems. Apart from fiinctionality these circuits 

also fit into the space and power constrains faced in the hybrid electrical vehicle. 

Although the system is developed for the Futuretruck Competition, it is easy to 

change the structure of the system into other fuel cell powered vehicle. 

However, there are still some corrections and additions that need to be made. 

Hardware for sensors and actuators has been buih using muhiple-purpose PCB. It will be 

better to build all the circuits on the double-sided PCB. Several sensors do not operate 

correctly such as conductivity sensor. The reliability of the circuits needs to be improved. 

The successfiil design also proves that it is practical to use the Proton Exchange 

Membrane fiiel cell in a vehicle. It can be started in cold condition and generate power if 

humidity is close to 100%. The truck made 30 kW continuous power and 36.8 

horsepower on a floor dynamometer and finally is able to move under its own power. 
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APPENDIX A 

PIN ASSIGNMENTS 

The pin assignments for the 100-pin I/O connector on the 6025E board are shown. 
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Fig. A. 1 I/O Connector Pin Assignment for the 6025E 
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APPENDIX B 

THERMISTOR MEASUREMENT DATA 

This is the measurement data taken for the thermistors of the NiMH battery pack. 

R(kohms) 
23.9 
20.6 
19.6 

10.82 
10.87 
10.47 

10.2 
10.3 
9.78 
9.79 
9.77 
9.76 
9.76 
9.85 
9.83 
9.76 
9.82 
9.34 

6.8 
6.4 
5.7 
4.8 
3.7 

remp(F) 
31.4 
43.1 
46.4 
72.5 
72.5 
74.8 

75 
75.3 
77.3 
77.3 
77.5 
77.7 
77.7 
77.7 
77.7 
77.9 
77.9 
79.5 
90.6 
92.1 
95.5 

117.3 
135.8 

Fig. B.l Resistance (R) versus Temperature (Temp) 
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