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CONSUMIPTION-BASED FUEL CELL 
MONITORING AND CONTROL 

RELATED APPLICATION 

0001. This application is a continuing patent application 
that claims priority to U.S. patent application Ser. No. 10/857, 
629, which was filed on May 28, 2004, issued on aS 
U.S. Pat No. . The complete disclosure of the above 
identified patent is hereby incorporated by reference. 

TECHNICAL FIELD 

0002 The present disclosure relates generally to fuel cell 
systems, and more particularly to systems and methods for 
determining and controlling fuel usage in a fuel cell system. 

BACKGROUND OF THE DISCLOSURE 

0003. An electrochemical fuel cell is a device that converts 
fuel and an oxidant to electricity, a reaction product, and heat. 
For example, fuel cells may be adapted to convert hydrogen 
and oxygen into water and electricity. In Such fuel cells, the 
hydrogen is the fuel, the oxygen is the oxidant, and the water 
is the reaction product. 
0004. A fuel cell stack is one or more fuel cells, including 
groups of fuel cells, coupled together as a unit. A fuel cell 
stack may be incorporated into a fuel cell system. A fuel cell 
system also typically includes a fuel source, such as a Supply 
of fuel and/or a fuel processor. An example of a fuel processor 
is a steam reformer. The system may also include a battery 
bank, which stores produced electrical power, and an air 
source, which delivers oxygen to the fuel cell. There is a need 
to control fuel cell stacks and other fuel cell system compo 
nents to regulate the operation of the system, Such as to 
prevent damage to the system and/or to operate the system 
efficiently in response to applied loads. 

SUMMARY OF THE DISCLOSURE 

0005. The present disclosure relates to fuel cell systems 
and methods for monitoring fuel use and/or controlling the 
operation of at least one of a fuel Source and a fuel cell stack 
based on fuel use. In some examples, a fuel cell system 
includes a fuel source. In some examples, the fuel source is 
adapted to provide Supply fuel to a fuel cell stack at a Supply 
pressure. In some systems, fuel not used by the fuel cell stack 
is discharged through at least one exit orifice at an exit pres 
Sure. In some examples, a control system is adapted to detect 
the exit pressure and to determine the flow of unused fuel 
based on the exit pressure, and to control operation of at least 
one of the fuel source and the fuel cell stack based on the 
determined flow of unused fuel. 

0006. In some examples, a target pressure is determined 
based on the level of electrical current produced by a fuel cell 
stack, Such that when fuel is Supplied at the target pressure, 
the fuel cell Stack consumes a given proportion of the Supply 
fuel. Typically, a fuel cell stack is operated in a range of 
Voltage and current Such that the output electrical power is 
directly proportional to the output current (i.e., increasing 
current yields increasing power). 
0007 Also, in some examples, a fuel source is adapted to 
produce the supply fuel from one or more feedstocks. The use 
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of the feedstocks by the fuel source is controlled based on one 
or more of the target pressure and the flow of fuel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a schematic view of a fuel cell. 
0009 FIG. 2 is a schematic view of a fuel cell system 
including a fuel cell stack, a fuel Source, and a control system. 
0010 FIG. 3 is a schematic view of another example of a 
fuel cell system including a fuel cell Stack, a fuel source, and 
a control system. 
0011 FIG. 4 is a graph of an example of unused fuel flow 
through a fuel cell exit orifice as a function of the exit pres 
SUC. 

0012 FIG. 5 is a graph of an example of a target fuel 
Supply pressure as a function of a fuel cell stack current. 
0013 FIG. 6 is a graph of unused fuel exit flow as a 
function of Stack current when the Supply pressure is main 
tained at the target pressures depicted in FIG. 5. 
0014 FIG. 7 is a graph of the utilization of fuel in the fuel 
cell Stack as a function of Stack current when the Supply 
pressure is maintained at the target pressures depicted in FIG. 
5. 

DETAILED DESCRIPTION AND BEST MODE 
OF THE DISCLOSURE 

0015. As has been mentioned, methods and systems are 
disclosed for controlling the operation of at least one of a fuel 
source and a fuel cell stack. As used herein, a fuel cell stack 
includes one or more fuel cells, whether individually or in 
groups of fuel cells, and an energy producing and consuming 
assembly includes one or more fuel cell Stacks, at least one 
fuel source for the fuel cell stack(s), and at least one energy 
consuming device adapted to exert an applied load on the fuel 
cell Stack. 
0016. The subsequently discussed fuel cell stacks and sys 
tems are compatible with a variety of different types of fuel 
cells, such as proton exchange membrane (PEM) fuel cells, 
alkaline fuel cells, solid oxide fuel cells, molten carbonate 
fuel cells, phosphoric acid fuel cells, and the like. For the 
purpose of illustration, an exemplary fuel cell 20 in the form 
of a PEM fuel cell is schematically illustrated in FIG.1. The 
fuel cell may be described as forming a portion of a fuel cell 
system, Such as generally indicated at 22, and/or a portion of 
a fuel cell Stack, such as generally indicated at 24. Proton 
exchange membrane fuel cells typically utilize a membrane 
electrode assembly 26 consisting of anion exchange, or elec 
trolytic, membrane 28 located between an anode region 30 
and a cathode region 32. Each region 30 and 32 includes an 
electrode 34, namely an anode 36 and a cathode 38, respec 
tively. Each region 30 and 32 also includes a support39, such 
as a supporting plate, 40. Support 39 may form a portion of 
the bipolar plate assemblies that are discussed in more detail 
herein. The supporting plates 40 of fuel cell 20 carry the 
relative voltage potential produced by the fuel cell. 
0017. In operation, fuel 42 is fed to the anode region, while 
oxidant 44 is fed to the cathode region. Fuel 42 may also be 
referred to as supply fuel 42. A typical, but not exclusive, fuel 
for cell 20 is hydrogen, and a typical, but not exclusive, 
oxidant is oxygen. As used herein, hydrogen refers to hydro 
gen gas and oxygen refers to oxygen gas. The following 
discussion will refer to fuel 42 as hydrogen 42 and oxidant 44 
as oxygen 44, although it is within the scope of the present 
disclosure that other fuels and/or oxidants may be used. 
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Hydrogen 42 and oxygen 44 may be delivered to the respec 
tive regions of the fuel cell via any suitable mechanism from 
respective sources 46 and 48. Examples of suitable fuel 
Sources 46 for hydrogen 42 include at least one pressurized 
tank, hydride bed or other Suitable hydrogen storage device, 
and/or a fuel processor that produces a stream containing 
hydrogen gas. Examples of suitable sources 48 of oxygen 44 
include a pressurized tank of oxygen or air, or a fan, compres 
sor, blower or other device for directing air to the cathode 
region. Hydrogen and oxygen typically combine with one 
another via an oxidation-reduction reaction. Although mem 
brane 28 restricts the passage of a hydrogen molecule, it will 
permit a hydrogen ion (proton) to pass therethrough, largely 
due to the ionic conductivity of the membrane. The free 
energy of the oxidation-reduction reaction drives the proton 
from the hydrogen gas through the ion exchange membrane. 
As membrane 28 also tends not to be electrically conductive, 
an external circuit 50 is the lowest energy path for the remain 
ing electron, and is schematically illustrated in FIG. 1. 
0018. In practice, a fuel cell stack contains a plurality of 
fuel cells with bipolar plate assemblies separating adjacent 
membrane-electrode assemblies. The bipolar plate assem 
blies essentially permit the free electron to pass from the 
anode region of a first cell to the cathode region of the adja 
cent cell via the bipolar plate assembly, thereby establishing 
an electrical potential through the stack that may be used to 
satisfy an applied load. This net flow of electrons produces an 
electric current that may be used to satisfy an applied load, 
such as from at least one of an energy-consuming device, the 
fuel cell system itself, etc. 
0019. At least one energy-consuming device 52 may be 
electrically coupled to the fuel cell, or more typically, the fuel 
cell stack. Device 52 applies a load to the cell/stack/system 
and draws an electric current therefrom to satisfy the load. 
This load may be referred to as an applied load, and may 
include thermal and/or electrical load(s). Illustrative 
examples of devices 52 include motor vehicles, recreational 
vehicles, boats and other sea craft, and any combination of 
one or more residences, commercial offices or buildings, 
neighborhoods, tools, lights and lighting assemblies, appli 
ances, computers, industrial equipment, signaling and com 
munications equipment, batteries and even the balance-of 
plant electrical requirements for the fuel cell system of which 
stack 24 forms a part. An energy producing and consuming 
assembly, which is illustrated generally in FIG. 1 at 56, 
includes at least one fuel cell system 22 and at least one 
energy-consuming device 52 adapted to exert an applied load 
to, or upon, the fuel cell system. 
0020. In cathode region 32, electrons from the external 
circuit and protons from the membrane combine with oxygen 
to produce water and heat. Also shown in FIG. 1 are an anode 
purge or discharge stream 54, which may contain hydrogen 
gas, and a cathode air exhaust stream 55, which is typically at 
least partially, if not substantially, depleted of oxygen. It 
should be understood that fuel cell stack 24 will typically 
have common hydrogen (or other reactant) feed, air intake, 
and stack purge and exhaust streams, and accordingly will 
include suitable fluid conduits to deliver the associated 
streams to, and collect the streams from, the individual fuel 
cells. Similarly, any suitable mechanism may be used for 
selectively purging the regions. 
0021. As discussed above, many fuel cell stacks utilize 
hydrogen gas as a reactant, or fuel. Therefore, a fuel cell stack 
24 may be coupled with a source 46 of hydrogen gas 42 (and 
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related delivery systems and balance-of-plant components) to 
form a fuel cell system 22. An illustrative example of a fuel 
cell system is schematically illustrated in FIG. 2. As dis 
cussed previously with respect to FIG. 1, examples of sources 
46 of hydrogen gas 42 include a storage device 62 that con 
tains a stored Supply of hydrogen gas, as indicated in dashed 
lines in FIG. 2. Examples of suitable storage devices 62 
include pressurized tanks and hydride beds. An additional or 
alternative source 46 of hydrogen gas 42 is the product stream 
from a fuel processor, which produces hydrogen by reacting 
a feed stream to produce the stream containing hydrogen gas 
42 or to produce reaction products from which the stream 
containing hydrogen gas 42 is formed, such as after one or 
more purification steps. As shown in solid lines in FIG. 2, 
system 22 includes at least one fuel processor 64 and at least 
one fuel cell stack 24. Fuel processor 64 is adapted to produce 
a product hydrogen stream 66 containing hydrogen gas 42 
from a feed stream 68 containing one or more feedstocks. The 
fuel cell Stack is adapted to produce an electric current from 
the portion of product hydrogen stream 66 delivered thereto. 
In the illustrated example, a single fuel processor 64 and a 
single fuel cell Stack 24 are shown; however, more than one of 
either or both of these components may be used. These com 
ponents have been schematically illustrated and the fuel cell 
system may include additional components that are not spe 
cifically illustrated in the Figures, such as air delivery sys 
tems, heat exchangers, sensors, flow-regulating devices, heat 
ing assemblies and the like. As also shown, hydrogen gas may 
be delivered to stack 24 from one or more of fuel processor 64 
and storage device 62, and hydrogen from the fuel processor 
may be delivered to one or more of the storage device and 
stack 24. Some or all of stream 66 may additionally, or alter 
natively, be delivered, via a suitable conduit, for use in 
another hydrogen-consuming process, burned for fuel or 
heat, or stored for later use. 
0022. Fuel processor 64 includes any suitable device that 
produces hydrogen gas from the feed stream. Accordingly, 
fuel processor 64 may be described as including a hydrogen 
producing region 70 in which a stream that is at least Substan 
tially comprised of hydrogen gas is produced from a feed 
stream. Examples of Suitable mechanisms for producing 
hydrogen gas from feed stream 68 include steam reforming 
and autothermal reforming, in which reforming catalysts are 
used to produce hydrogen gas from a feed stream containing 
water and at least one carbon-containing feedstock. Other 
Suitable mechanisms for producing hydrogen gas include 
pyrolysis and catalytic partial oxidation of a carbon-contain 
ing feedstock, in which case the feed stream does not contain 
water. Still another suitable mechanism for producing hydro 
gen gas is electrolysis, in which case the feedstock is water. 
Examples of suitable carbon-containing feedstocks include at 
least one hydrocarbon or alcohol. Examples of suitable 
hydrocarbons include methane, propane, natural gas, diesel, 
kerosene, gasoline and the like. Examples of suitable alcohols 
include methanol, ethanol, and polyols, such as ethylene gly 
col and propylene glycol. 
0023 Feed stream 68 may be delivered to fuel processor 
64 via any suitable mechanism and/or via any suitable feed 
stock delivery system. Although only a single feed stream 68 
is shown in FIG. 2, more than one stream 68 may be used and 
these streams may contain the same or different feedstocks. 
As used herein, the term “fuel processing assembly' may be 
used to refer to the fuel processor and associated components 
of the fuel cell system, such as feedstock delivery systems, 
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heating assemblies, separation regions or devices, air delivery 
systems, fuel delivery systems, fluid conduits, heat exchang 
ers, fuel processor controllers, etc. All of these illustrative 
components are not required to be included in any fuel pro 
cessing assembly or used with any fuel processor according to 
the present disclosure. Similarly, other components may be 
included or used. 

0024. In many applications, it is desirable for the fuel 
processor to produce at least Substantially pure hydrogen gas. 
Accordingly, the fuel processor may utilize a process that 
inherently produces sufficiently pure hydrogen gas. Alterna 
tively, the fuel processing assembly and/or the fuel processor 
may include one or more Suitable purification and/or separa 
tion devices that remove impurities from the hydrogen gas 
produced in the fuel processor. When region 70 does not 
produce pure hydrogen gas, stream 66 may include one or 
more of Such illustrative impurities as carbon monoxide, car 
bon dioxide, water, methane, and unreacted feedstock. As 
another example, the fuel processing system or fuel cell sys 
tem may include one or more purification and/or separation 
devices downstream from the fuel processor. This is sche 
matically illustrated in FIG.2, in which a separation region 72 
is shown in dashed lines. When fuel processor 64 includes a 
separation region 72, the hydrogen-producing region may be 
described as producing a mixed gas stream that includes 
hydrogen gas and other gases. Similarly, many suitable sepa 
ration regions will produce from this mixed gas stream at least 
one product stream, Such as stream 66, that contains at least 
Substantially pure hydrogen gas and at least one byproduct 
stream that contains at least a substantial portion of the other 
gases. A mixed gas stream and a byproduct stream are sche 
matically illustrated in FIG. 2 at 74 and 76, respectively. The 
separation region, or regions, may be housed with the hydro 
gen-producing region within a common shell, attached to the 
fuel processor, or separately positioned from the fuel proces 
sor (but still in fluid communication therewith). 
0025 Separation region 72 may utilize any process or 
mechanism for increasing the purity of the hydrogen gas 
and/or decreasing the concentration of one or more other 
gases (such as carbon monoxide and/or carbon dioxide) that 
may be mixed in with hydrogen gas. Illustrative examples of 
Suitable processes include one or more of chemical separation 
processes, in which one or more of the other gases are selec 
tively adsorbed or reacted and thereby separated from the 
hydrogen gas, and physical separation processes, in which a 
physical barrier is used to selectively divide the mixed gas 
stream into the at least one product and byproduct streams. 
Examples of Suitable physical separation processes include 
pressure-driven separation processes, in which the mixed gas 
stream is delivered into contact with Suitable separation struc 
ture underpressure, with the pressure differential between the 
mixed gas region and at least one permeate or product region 
of the separation structure driving the separation process. 
0026. An illustrative chemical separation process is the 
use of a methanation catalyst to selectively reduce the con 
centration of carbon monoxide present in stream 74. Other 
illustrative chemical separation processes include partial oxi 
dation of carbon monoxide to form carbon dioxide and water 
gas shift reactions (to produce hydrogen gas carbon dioxide 
from water and carbon dioxide). 
0027 Non-exclusive examples of suitable pressure-driven 
separation processes include the use of one or more hydro 
gen-selective membranes and the use of a pressure Swing 
adsorption system. Illustrative examples of Suitable hydro 
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gen-selective membranes include membranes formed from 
palladium or palladium alloys, Such as alloys of palladium 
and copper or silver. The thin, planar, hydrogen-permeable 
membranes are preferably composed of palladium alloys, 
most especially palladium with 35 wt % to 45 wt % copper, 
Such as approximately 40 wt % copper. These membranes, 
which also may be referred to as hydrogen-selective mem 
branes, are typically formed from a thin foil that is approxi 
mately 0.001 inches thick. It is within the scope of the present 
disclosure, however, that the membranes may beformed from 
hydrogen-selective metals and metal alloys other than those 
discussed above, hydrogen-permeable and selective ceram 
ics, or carbon compositions. The membranes may have thick 
nesses that are larger or Smaller than discussed above. For 
example, the membranes may be made thinner, with com 
mensurate increase in hydrogen flux. The hydrogen-perme 
able membranes may be arranged in any suitable configura 
tion, Such as arranged in pairs around a common permeate 
channel as is disclosed in the incorporated patent applica 
tions. The hydrogen permeable membrane or membranes 
may take other configurations as well. Such as tubular con 
figurations, which are disclosed in the incorporated patents. 
An example of a Suitable structure for use in separation region 
72 is a membrane module, which contains one or more hydro 
gen permeable membranes. Examples of Suitable hydrogen 
selective membranes, methods for forming and utilizing the 
membranes, and separation devices that include one or more 
hydrogen-selective membranes are disclosed in U.S. Pat. 
Nos. 6,319,306, 6,537,352 and 6,562,111, the complete dis 
closures of which are hereby incorporated by reference for all 
purposes. 

0028. Another example of a suitable pressure-separation 
process for use in separation region 72 is pressure Swing 
adsorption (PSA). In a pressure swing adsorption (PSA) pro 
cess, gaseous impurities are removed from a stream contain 
ing hydrogen gas. PSA is based on the principle that certain 
gases, under the proper conditions of temperature and pres 
sure, will be adsorbed onto an adsorbent material more 
strongly than other gases. Typically, it is the impurities that 
are adsorbed and thus removed from the mixed gas stream. 
0029. In the context of a fuel cell system, the fuel proces 
Sorpreferably is adapted to produce Substantially pure hydro 
gen gas, and even more preferably, the fuel processor is 
adapted to produce pure hydrogen gas. For the purposes of the 
present disclosure, Substantially pure hydrogen gas is greater 
than 90% pure, preferably greater than 95% pure, more pref 
erably greater than 99% pure, and even more preferably 
greater than 99.5% pure. Illustrative, nonexclusive examples 
of suitable fuel processors are disclosed in U.S. Pat. Nos. 
6,221,117, 5,997,594, 5,861,137, and pending U.S. Patent 
Application Publication No. 2001/0045061. The complete 
disclosures of the above-identified patents and patent appli 
cation are hereby incorporated by reference for all purposes. 
0030 FIG. 2 also schematically depicts that fuel cell sys 
tems 22 may (but are not required to) include at least one 
energy-storage device 78. Device 78 is adapted to store at 
least a portion of the current produced by fuel cell stack 24. 
More particularly, the current may establish a potential that 
can be later used to satisfy an applied load, such as from 
energy-consuming device 52 and/or fuel cell system 22. 
Energy-consuming device 52 may be adapted to apply its load 
to one or more of stack 24 and energy-storage device 78. An 
illustrative example of a suitable energy-storage device 78 is 
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a battery, but others may be used. Device 78 may additionally 
or alternatively be used to power the fuel cell system during 
startup of the system. 
0031. Also shown in FIG. 2 is a control system 80 with a 
controller 82 that is adapted to control one or both of the fuel 
cell stack 24 and the fuel source 46. The performance of 
system 22 is regulated and automatically adjusted responsive 
to operating parameters and changes in the operating param 
eters detected by control system 80. 
0032 Controller 82 is illustrated as being implemented as 
a unit. It may also be implemented as separate controllers, 
such as a controller for the fuel cell stack and a controller for 
the fuel Source. Such separate controllers, then, can commu 
nicate with each other via appropriate communication link 
ages. Control system 80 may include one or more analog or 
digital circuits, logic units or processors for operating pro 
grams stored as Software in memory, and, as has been men 
tioned, may include one or more discrete units in communi 
cation with each other. 
0033. In the example shown in FIG. 2, controller 82 com 
municates with fuel cell stack 24 and fuel source 46 via 
appropriate communication linkages 96 and 98, respectively. 
Other linkages not shown also may be used. For example, 
there may be linkages to oxygen source 48. Linkages 96 and 
98 enable at least one-way communication with the control 
ler. Preferably, the linkages enable two-way communication 
with the controller, thereby enabling the controller to measure 
or monitor selected values, or selected variables, of stack 24 
and source 46, while also controlling the operation of these 
units, typically responsive to the measured values. The link 
ages may include any suitable interface, actuator and/or sen 
sor for effecting the desired monitoring and control. Control 
system 80 may also include or communicate with sensors, 
Switches, feedback mechanisms, other electrical and/or 
mechanical circuits, and the like. Values of fuel cell stack 24 
that may be detected include Stack current, stack Voltage, 
applied load, stack temperature, water conductivity, and air 
flow. 

0034. Other examples of values that may be monitored for 
a fuel source 46 in the form of a fuel processor 64 include the 
mode of operation of the fuel processor, the supply of feed 
stock, the rate at which hydrogen gas is being produced, the 
operating temperature, and the stoichiometry of the chemical 
process for producing fuel. An example of a monitored value 
for the air source is the rate at which air is being supplied to 
the fuel processing assembly and the fuel cell stack. When 
oxygen source 48 is incorporated into either or both of the fuel 
Source and/or fuel cell stack, its operation and measurement 
will typically be incorporated into the corresponding linkage 
for the unit into which it is incorporated. Not all of these 
values are necessarily essential, and other values may be 
measured as well, depending on the particular requirements 
and configuration of the fuel cell system, the complexity of 
the system, the desired level of control, and particular user 
preferences. 
0035 Typical modes of operation for a fuel processor 
include start-up, shutdown, idle, running (active, hydrogen 
producing), and off. In the off operating state, the fuel pro 
cessor is not producing hydrogen gas and is not being main 
tained at Suitable operating conditions to produce hydrogen 
gas. For example, the fuel processor may not be receiving any 
feed streams, may not be heated, etc. In the start-up operating 
state, the fuel processor is transitioning from the off state to its 
running operating state, in which the fuel processor is at its 
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desired operating parameters for producing hydrogen gas, is 
receiving feedstock(s) and producing more than a nominal 
flow of hydrogen gas therefrom for delivery to the fuel cell 
stack and/or hydrogen-storage device. Accordingly, in the 
start-up state, the fuel processor is being brought to the 
desired operating conditions, such as temperature and pres 
Sure, for producing hydrogen gas. For example, fuel proces 
sors in the form of steam reformers typically operate at tem 
peratures in the range of 200° C. and 800° C., and at pressures 
in the range of 50 psi and 1000 psi (gauge), although tem 
peratures and pressures outside of these ranges are within the 
Scope of the disclosure. Such as depending upon the particular 
type and configuration of fuel processor being used. In the 
standby, or idle, operating state, the fuel processor is not 
producing any hydrogen gas, or only a nominal flow of hydro 
gen gas, with this flow typically not being delivered to the fuel 
cell Stack or hydrogen-storage device. Instead, any produced 
hydrogen gas (or other output stream) is typically vented or 
utilized as a combustible fuel in a burner or other heating 
assembly. However, in the idle operating state, the fuel pro 
cessor is typically maintained at the desired operating param 
eters for producing hydrogen gas, such as upon delivery of the 
appropriate feed stream(s), whereupon the fuel processor 
may be returned to its running operating State. It is within the 
Scope of the present disclosure that, in the idle operating state, 
the above-discussed nominal flow of hydrogen, when present, 
is sufficient to produce enough electric current to power the 
fuel cell system and/or recharge the system's energy-storage 
device. In the shutdown operating state, the fuel processor is 
transitioning to its off operating state. Such as from its running 
or idle operating states. 
0036 FIG. 3 is a schematic of fuel cell system 22 adapted 
to include fuel cell stack 24, fuel source 46, and control 
system 80. Supply fuel 42 flows, with a pressure P1 and as 
flow F1, from fuel source 46 to the anode region(s) of fuel cell 
stack 24. Stack 24 processes a portion F3 of flow F1 to 
produce electrical power. The remaining unused fuel, referred 
to as flow F2, is discharged from the stack as discharge stream 
54, through at least one exit orifice 90. Accordingly, the fuel 
flow in fuel cell stack 24 can be represented by the equation 
F1=F2F3. 

0037. In some examples, control system 80 is adapted to 
control the size of at least one of the one or more exit orifices. 
In such an example, exit orifice 90 may be part of a valve 92 
having an orifice adjusting mechanism 94. By controlling the 
size of the exit orifice, the rate of flow F2 is controlled, and the 
exit pressure P2 is controlled. In some fuel cell systems 22, a 
change in the exit pressure produces a corresponding change 
in the Supply pressure P1. In this way, the Supply pressure 
may be controlled by controlling the discharge pressure. 
Although referred to herein simply as an exit orifice, it is 
within the scope of the present disclosure that more than one 
orifice may be used, and/or that two or more outlets or other 
apertures may collectively be referred to as the exit orifice. 
0038. As illustrated, controller 82 is adapted to communi 
cate over a linkage 100 with a pressure gauge 102 adapted to 
detect pressure P1 of the supply fuel supplied to fuel cell stack 
24 by fuel source 46. Similarly, a linkage 104 provides com 
munication with a pressure gauge 106 adapted to detect pres 
sure P2 of the unused fuel prior to discharge from fuel cell 
stack 24. Further, a linkage 108 provides communication 
between the controller and valve 92, and can provide for 
communication of control signals transmitted from the con 
troller and receipt of values related to the size of exit orifice 
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90. All of these illustrative communication linkages and inter 
relationship are not required. For example, the pressure of the 
Supply fuel may not be measured and/or control may not be 
based at least partially thereupon in all embodiments. As a 
illustrative, non-exclusive variation, the system may include a 
pressure relief valve or other pressure controller that is 
adapted to detect whether a maximum, or upper, pressure 
threshold is reached or exceeded, with the system thereby not 
actively measuring the particular pressure of the Supply fuel. 
Instead, the measurement, or operating parameter, is simply 
whether the pressure has reached or exceeded a particular 
threshold pressure. 
0039 Fuel cell system 22 may be adapted to discharge 
unused fuel from fuel cell stack 24 in different modes. These 
modes include at least a continuous bleed mode and a purge 
based or dead-end mode. In a continuous bleed mode, unused 
fuel is discharged continuously and concurrently from the 
fuel cell stack 24, during production of electricity by the fuel 
cell Stack. In some fuel cell systems 22 operated in a continu 
ous bleed mode, such as in the context of the illustrative fuel 
cell system and parameters discussed Subsequently, exit ori 
fice 90 may have a fixed size and/or flow characteristics 
(including a combination of orifices having a combined size 
and flow characteristic) appropriate for a particular applica 
tion, and the exit pressure and flow depend on the Supply 
pressure and flow consumed by the fuel cell. As an example, 
an exit orifice size of less than 0.1 inch in diameter, such as 
0.033 inches in diameter, or another selected size in the range 
of 0.02-0.07 inches in diameter may be used. Although cir 
cular orifices having particular diameters are mentioned, the 
exit orifice, as a single orifice or combination of orifices, may 
have any appropriate individual and/or collective cross-sec 
tional size, shape and/or flow characteristics Suitable for use 
in a particular system and/or application. 
0040. In other examples of fuel cell systems 22 operated in 
a continuous bleed mode, the size of the exit orifice 90 is 
varied to change the rate of flow F2, the exit pressure P2, the 
Supply pressure P1, or a combination of these. In such sys 
tems, the orifice size may be variable over a small range of 
values, or it may be variable over a wide range of values, 
depending on the valves used, the operating characteristics of 
the fuel cell stack, and the controller. 
0041. In fuel cell systems 22 operating in a purge-based or 
dead-end mode, unused fuel is discharged from the fuel cell 
stack 24 intermittently for limited periods of time. In some 
examples of systems 22, orifice 90 is kept substantially closed 
between discharges of unused fuel. The fuel cell stack then is 
operated so that fuel is supplied at a rate that matches or 
nearly matches consumption. 
0042. During purging or discharging of the fuel cell, valve 
92 is opened wide so that fuel can flow rapidly through exit 
orifice 90. Although not required, the period between purges 
can be much longer than the duration of discharge. As an 
example, a purge of one second may take place every thirty 
seconds of operation of the fuel cell stack. If one liter of fuel 
is discharged during each purge, and 49 liters of fuel are 
consumed in the production of electricity between purges, the 
fuel cell stack is utilizing 98 percent of the fuel. As such, the 
fuel cell stack may be described as having 98% utilization of 
the fuel. 

0043. The duration of each purge, the frequency of the 
purges, or both, are varied in some fuel cell systems. The 
varying of the frequency and/or duration of purges provides 
for control of the utilization of the fuel. An increase in either 
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the duration or frequency of the purges produces a corre 
sponding decrease in the utilization of fuel, for given operat 
ing conditions of the fuel cell System. In other examples, 
changing the frequency and/or duration of purges may be 
made to maintain a selected utilization level. For example, at 
reduced levels of consumption of fuel by the fuel cell stack, or 
at reduced Supply fuel pressures P1, purges may be of shorter 
duration and/or decreased frequency. Conversely, at higher 
levels of consumption and/or higher Supply fuel pressures, 
purges may be of longer duration and/or increased frequency. 
0044. In some examples, control system 80 may be 
adapted to control fuel source 46 and/or fuel cell stack 24, 
based at least in part on the flow of supply fuel to the fuel cell 
stack. For example, the production of Supply fuel may be 
controlled by controlling the stoichiometry of the associated 
chemical process and/or the production efficiency of a fuel 
processing assembly, and/or by controlling the release of 
Supply fuel from a storage device, and/or by adjusting the 
operating state, rate of production, etc. of fuel Source 46 as 
required to meet electrical load requirement 52 or 78. In some 
examples of fuel cell systems, the flow F1 of fuel is not readily 
measured directly. In such examples, then, flow F1 may be 
determined indirectly by determining the fuel consumed by 
the stack, represented by flow F3, and the flow F2 of unused 
fuel discharged from orifice 90. 
0045 FIG. 4 is a graph of the flow, in liters per minute 
(L/min), of the unused fuel discharged through exit orifice 90 
as a function of the exit pressure, P2, in kPa, where k is the 
numerical prefix kilo, and Pa is the unit for pressure, Pascals. 
The points on the graph indicated by an 'x' and connected by 
Solid line segments, represent empirical values. The dotted 
line represents the equation F2–KVP2. where K=2.53 
(L/min)/(sqrt(kPa)) in this example. It is seen that the 
approximate formula works well to determine flow based on 
the exit pressure, P2. Accordingly, by use of this formula, as 
an example, control system 80 may be adapted to detect the 
exit pressure P2, and to determine the flow F2 of unused fuel 
based on the detected exit pressure. As used herein, “based 
on' is meant to neither exclude nor require additional factors. 
Accordingly, “based on should be construed to include 
“based at least in part on' one or more indicated factors, but 
not to require additional factors. For example, a control sys 
tem that utilizes the above formulato determine flow based on 
the exit pressure may, but is not required to, also utilize other 
factors in this determination. The same applies to the other 
“based on relationships described and/or claimed herein. 
0046. In at least some fuel cell stacks, the flow F3 of fuel 
consumed by the fuel cell stack has been determined to be 
directly proportional to the electrical current output of the 
fuel cell stack, here represented as Ifc. Generally, fuel cell 
stacks are operated Such that the output electrical power 
increases with the output electrical current. In this case, then, 
the flow is determined by the equation F3-b'Ifc. Although the 
value of “b' depends on the operating characteristics of the 
individual fuel cell stack, in some fuel cell stacks, the value of 
b may be less than 1, and in particular, a value of 0.589 has 
been determined to be reasonably accurate for some fuel cell 
stacks. 
0047. In some examples of fuel cell stacks 24, ranges of 
operating parameters may be established. The following 
operating parameters apply to some exemplary fuel cell 
stacks constructed and operated according to the present dis 
closure. It is within the scope of the disclosure that other 
operating parameters are utilized or otherwise apply. As illus 
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trative examples, the maximum and minimum current ranges 
for a particular stack may be greater or less than the illustra 
tive values presented below. 

Parameter Maximum Minimum 

Fuel Inlet Pressure Range 12 kPa 0.8 kPa 
(gauge): 
Air Inlet Pressure Range 6.21 kPa 0.3 kPa 
(gauge): 
Fuel Air Delta Range 11.7 kPa O.S kPa 
(differential): 
Fuel Utilization: 83% 70% 
Stack Current Range: 6OA 20 A 

As indicated above, the flow F1 of fuel into the fuel cell stack 
may be determined by summing the flow F2 out of the exit 
orifice and the flow F3 consumed by the fuel cell stack. Using 
the above equations, the exit flow F2 may be determined from 
the exit pressure P2, and the consumption flow F3 may be 
determined from the fuel cell current Ifc. In equation form, 
F1=b-Ifc--KVP2. This function defines a surface of points in 
a space having as axes, Supply fuel flow, fuel cell current, and 
exit pressure. 
0048. Utilization, U. of the fuel by the fuel cell stack may 
be defined as the proportion of the supply fuel flow F1 that is 
used for production of power, or 

F3 F3 b. Ifc 

Solving for P2, the equation becomes 

(1 - U) 
K2U 2 P2 = bife 

0049. In order to achieve a selected utilization level for a 
given fuel cell current, a specific exit pressure is required. The 
Supply pressure, then, is equal to the exit pressure plus a 
pressure drop in the fuel cell. In this example, this pressure 
drop is negligible. FIG. 5 is a graph of exit pressure as a 
function of stack current for an illustrative utilization level of 
83% for a fuel cell stack constrained by the ranges of operat 
ing parameters listed above. Other utilization levels would 
produce different curves, and other fuel cell stacks would 
have different operating characteristics. It is within the scope 
of the present disclosure that other utilization levels may be 
used, such as levels in the range of 83-100%, in the range of 
70-83%, in the range of 50-70%, less than 70%, less than 
50%, greater than 70%, greater than 80%, greater than 90%, 
etc. 

0050 FIG. 6 is a graph of selected set values of exit flow as 
a function of Stack current for the operating conditions cor 
responding to FIG. 5. It is seen in this example that the exit 
flow increases linearly with stack current through the normal 
operating range of approximately 30 and 68 amps. The set 
values of exit flow of unused fuel are constrained between the 
limits of about 3.6 lpm (liters per minute) and 8.0 lpm, cor 
responding to a minimum exit pressure of 2 kPa and a maxi 
mum exit pressure of 10 kPa. 
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0051 FIG. 7 is a graph of hydrogen utilization as a func 
tion of Stack current for the same illustrative operating con 
ditions. The utilization is maintained at 83% over the normal 
operating range of the fuel cell Stack. In this example, the 
utilization drops off for a stack current of less than approxi 
mately 30 amps, and rises relatively linearly above approxi 
mately 68 amps. 
0.052 These illustrative figures demonstrate that the exit 
flow F2 is proportional to the stack current for a constant 
utilization of 83%. By adjusting stack current (consumption) 
to hold exit flow F2 on the Exit Flow F2 curve of FIG. 6, stack 
hydrogen utilization is maintained at 83% over a large portion 
of the stack operating range. At the stack current of 78 amps, 
utilization is just hitting 85%. 
0053 Control of fuel cell stack 24 and/or fuel source 46 by 
control system 80 may be accomplished, at least in part, using 
these various values and relationships. The exit pressure iden 
tified in the graph of FIG.5 may be used as a target pressure 
for the supply of fuel to the fuel cell stack. This pressure may 
also be referred to as a target exit pressure. The relationship 
illustrated incorporates fuel flow consumed in the fuel cell 
stack as well as unused fuel that is discharged. These rela 
tionships are derived from the outlet or exit pressure and the 
stack current. Other parameter relationships may also be 
derived. 
0054 As has been discussed, the various control param 
eters may be used in different ways to control various com 
ponents of fuel cell system 22. For example, the exit fuel flow, 
and correspondingly, the exit pressure, provide an indication 
of the amount of fuel provided by fuel source 46. Operation of 
the fuel source, and in particular the stoichiometry of the fuel 
processor, may be based on this information. Further, the air 
Supply and fuel cell may be controlled to provide a Supply 
pressure that will result in a desired utilization of the fuel. 
Production of supply fuel and fuel cell exit pressure may be 
adjusted to provide a desired Supply pressure. Also, the exit 
orifice may be adjusted to vary the exit flow and/or exit 
pressure. Accordingly, by maintaining a target pressure for 
the Supply fuel for a given stack current, the fuel utilization 
may be maintained at a desired level. 
0055 Illustrative, non-exclusive or required, descriptions 
of aspects of the fuel cell system presented herein are pre 
sented below. For example, control system 80 may be adapted 
to detect the exit pressure of unused fuel from an exit orifice, 
and/or to detect the electrical current produced by the fuel cell 
stack. The flow of unused fuel may be based on the detected 
exit pressure. The consumption of fuel by the fuel cell stack, 
in turn, may be determined based on the determined flow of 
unused fuel and/or the electrical current produced by the fuel 
cell Stack. Accordingly, the control system may be adapted to 
determine the flow of supply fuel based on the electrical 
current produced by the fuel cell stack and the exit pressure. 
Further, the control of operation of at least one of the fuel 
source 46 and the fuel cell stack 24 may be based on the flow 
of unused fuel and/or based on the determined consumption 
of fuel by the fuel cell stack 24. 
0056. As an additional example, control system 80 may be 
described as being adapted to detect the level of electrical 
power produced, to determine a target Supply pressure at 
which the fuel cell stack consumes a given proportion of the 
supply fuel for a given level of electrical power produced by 
the fuel cell stack, and to control operation of the fuel cell 
stack based on the target Supply pressure. For example, the 
fuel source and/or the fuel cell stack may be controlled to 
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maintain the fuel Supply or exit pressure at about the target 
pressure. Further, the control system may be further adapted 
to control operation of the fuel Source in a manner tending to 
change the Supply or exit pressure to the target pressure. A 
change in the electrical power produced by the fuel cell stack 
may be detected, and the target Supply pressure may then be 
changed based on the detected change in the electrical power. 
In examples where the fuel source is adapted to produce the 
Supply fuel from one or more feedstocks, the control system 
may be adapted to control use of the feedstocks by the fuel 
Source based on the determined target pressure and/or based 
on a determined flow of supply fuel. In examples where the 
fuel source includes a fuel processor that produces the Supply 
fuel, the control system may be adapted to determine the 
stoichiometry of the chemical process based on the deter 
mined flow of supply fuel, and control production of the 
supply fuel based on the determined stoichiometry. 
0057 The above operating states and subroutines have 
been presented to provide examples of how the control sys 
tem may automate the operation of fuel cell system 22 and/or 
energy producing and consuming assembly 56. The examples 
provided above should not be construed in a limiting sense, as 
many variations of the operating characteristics, parameter 
values, and fuel cell system design and configuration are 
possible without departing from the scope of the present 
disclosure. 

INDUSTRIAL APPLICABILITY 

0058. Fuel cell systems and control systems described 
herein are applicable in any situation where power is to be 
produced by a fuel cell stack. It is particularly applicable 
when the fuel cell stack forms part of a fuel cell system that 
includes a fuel processing assembly that provides a feed for 
the fuel cell stack. 
0059. The automation of fuel cell system 22 enables it to 
be used in households, vehicles and other commercial appli 
cations where the system is used by individuals that are not 
trained in the operation of fuel cell systems. It also enables use 
in environments where technicians, or even other individuals, 
are not normally present, such as in microwave relay stations, 
unmanned transmitters or monitoring equipment, etc. Con 
trol system 80 also enables the fuel cell system to be imple 
mented in commercial devices where it is impracticable for an 
individual to be constantly monitoring the operation of the 
system. For example, implementation of fuel cell systems in 
vehicles and boats requires that the user does not have to 
continuously monitor and be ready to adjust the operation of 
the fuel cell system. Instead, the user is able to rely upon the 
control system to regulate the operation of the fuel cell sys 
tem, with the user only requiring notification if the system 
encounters operating parameters and/or conditions outside of 
the control system's range of automated responses. 
0060. The above examples illustrate possible applications 
of Such an automated fuel cell system, without precluding 
other applications or requiring that a fuel cell system neces 
sarily be adapted to be used in any particular application. 
Furthermore, in the preceding paragraphs, control system 80 
has been described controlling various portions of the fuel 
cell system. The system may be implemented without includ 
ing every aspect of the control system described above. Simi 
larly, system 22 may be adapted to monitor and control oper 
ating parameters not discussed herein and may send 
command signals other than those provided in the preceding 
examples. 
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0061. It is believed that the disclosure set forth above 
encompasses multiple distinct methods and/or apparatus with 
independent utility. While each of these methods and appa 
ratus has been disclosed in its preferred form, the specific 
examples thereofas disclosed and illustrated herein are not to 
be considered in a limiting sense as numerous variations are 
possible. The subject matter of the disclosures includes all 
noveland non-obvious combinations and Subcombinations of 
the various elements, features, functions and/or properties 
disclosed herein. Similarly, where the claims recite “a” or “a 
first element or the equivalent thereof, such claims should be 
understood to include incorporation of one or more Such 
elements, neither requiring nor excluding two or more Such 
elements. 
0062. It is believed that the following claims particularly 
point out certain combinations and Subcombinations that cor 
respond to disclosed examples and are novel and non-obvi 
ous. Other combinations and Subcombinations of features, 
functions, elements and/or properties may be claimed 
through amendment of the present claims or presentation of 
new claims in this or a related application. Such amended or 
new claims, whether they are directed to different combina 
tions or directed to the same combinations, whether different, 
broader, narrower or equal in scope to the original claims, are 
also regarded as included within the subject matter of the 
present disclosure. 

1. A method of operating a fuel cell system, the method 
comprising: 

providing Supply fuel at a Supply pressure; 
applying oxidant and the Supply fuel to a fuel cell stack, 

which includes at least one fuel cell, and which is 
adapted to produce electrical current therefrom: 

detecting the level of electrical current produced by the fuel 
cell Stack; 

determining a target proportion of the Supply fuel applied 
to the fuel cell stack that is consumed by the fuel cell 
stack for a given level of electrical current produced by 
the fuel cell stack; and 

varying the Supply pressure to maintain a proportion of 
Supply fuel applied to the fuel cell Stack that is consumed 
by the fuel cell stack at about the target proportion of the 
Supply fuel. 

2. The method of claim 1, the method further comprising 
detecting a change in the electrical current produced by the 
fuel cell Stack, wherein the varying includes varying the Sup 
ply pressure based at least in part on the detected change in the 
electrical current. 

3. The method of claim 1, in which providing supply fuel 
includes applying one or more feedstocks to a fuel processing 
apparatus in a manner producing the Supply fuel at the Supply 
pressure, and in which varying the Supply pressure includes 
varying applying the one or more feedstocks to the fuel pro 
cessing apparatus in a manner that varies the Supply pressure 
to maintain the proportion of the Supply fuel applied to the 
fuel cell stack that is consumed by the fuel cell stack at about 
the target proportion of Supply fuel. 

4. The method of claim 3, the method further comprising 
determining a flow of supply fuel, and controlling production 
of the supply fuel based on the determined flow of supply fuel. 

5. The method of claim 4, in which producing the supply 
fuel includes determining an efficiency of the production of 
the supply fuel based on the determined flow of supply fuel, 
and controlling the production of the Supply fuel includes 
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controlling the production of the Supply fuel in a manner 
improving the efficiency of the production of the supply fuel. 

6. The method of claim 4, in which producing the Supply 
fuel includes producing the Supply fuel using a chemical 
process, and further in which controlling the production of the 
Supply fuel includes determining a stoichiometry of the 
chemical process based on the determined flow of supply fuel 
and controlling production of the Supply fuel based on the 
determined stoichiometry. 

7. The method of claim 4, in which determining the flow of 
supply fuel includes determining the flow of supply fuel 
based at least in part on the level of electrical current produced 
by the fuel cell stack. 

8. The method of claim 1, the method further including 
discharging fuel unused by the fuel cell stack. 

9. The method of claim 8, the method further including 
calculating a flow of fuel unused by the fuel cell stack. 

10. The method of claim 9, in which determining the flow 
of supply fuel includes determining the flow of supply fuel 
based on the level of electrical current produced by the fuel 
cell stack and the flow of fuel unused by the fuel cell stack. 

11. The method of claim8, wherein the target proportion of 
supply fuel is less than 100%. 

12. The method of claim8, wherein the target proportion of 
supply fuel is between 70% and 83%. 

13. A method of operating a fuel cell system, the method 
comprising: 

providing Supply fuel at a Supply pressure; 
applying oxidant and the Supply fuel to a fuel cell stack, 
which includes at least one fuel cell, and which is 
adapted to produce electrical current therefrom: 

detecting the level of electrical current produced by the fuel 
cell Stack; 

determining a target proportion of the Supply fuel applied 
to the fuel cell stack that is consumed by the fuel cell 
stack; 

determining a target pressure of the Supply fuel at which 
the fuel cell Stack consumes the target proportion of the 
supply fuel for a given level of electrical current pro 
duced by the fuel cell stack; and 

maintaining the Supply pressure at about the target pres 
S. 

14. The method of claim 13, the method further comprising 
detecting a change in the electrical current produced by the 
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fuel cell stack, and changing the target pressure based at least 
in part on the detected change in the electrical current. 

15. The method of claim 13, in which providing supply fuel 
includes applying one or more feedstocks to a fuel processing 
apparatus in a manner producing the Supply fuel at the Supply 
pressure, and in which maintaining the Supply pressure 
includes applying the one or more feedstocks to the fuel 
processing apparatus in a manner maintaining the Supply 
pressure at about the target pressure. 

16. The method of claim 13, the method further including 
discharging fuel unused by the fuel cell stack. 

17. A method of operating a fuel cell system, the method 
comprising: 

providing Supply fuel at a Supply pressure; 
applying oxidant and the Supply fuel to a fuel cell stack, 

which includes at least one fuel cell, and which is 
adapted to produce electrical current therefrom: 

detecting the level of electrical current produced by the fuel 
cell Stack; 

determining a target proportion of the Supply fuel applied 
to the fuel cell stack that is consumed by the fuel cell 
stack for a given level of electrical current produced by 
the fuel cell stack; 

determining a target pressure of the Supply fuel at which 
the fuel cell Stack consumes the target proportion of the 
Supply fuel; and 

maintaining the Supply pressure at about the target pres 
S. 

18. The method of claim 17, the method further comprising 
detecting a change in the electrical current produced by the 
fuel cell Stack, and changing the target proportion of the 
Supply fuel based at least in part on the detected change in the 
electrical current. 

19. The method of claim 17, in which providing supply fuel 
includes applying one or more feedstocks to a fuel processing 
apparatus in a manner producing the Supply fuel at the Supply 
pressure, and in which maintaining the Supply pressure 
includes applying the one or more feedstocks to the fuel 
processing apparatus in a manner maintaining the Supply 
pressure at about the target pressure. 

20. The method of claim 17, the method further including 
discharging fuel unused by the fuel cell stack. 
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