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(54) Titlee METHOD AND APPARATUS FOR REGULATING ELECTRICAL POWER OUTPUT OF A FUEL CELL SYSTEM

(57) Abstract: A method and apparatus are provided for regulating electrical power output of a fuel cell system comprising a fuel
processing system, a system for supplying an oxidant stream, and a fuel cell to supply power. In a reformer of the fuel processing
system a supply fuel is used to produce hydrogen-rich gas to be supplied to the fuel cell. The fuel cell system also contains a controller
to set the mass flow of the supply fuel to the fuel processing system and the mass flow of the oxidant stream to the fuel cell, whereby
the mass flow of the oxidant stream can be set in dependence on the dynamic response of the fuel processing system and/or the mass
flow of the hydrogen-rich gas can be set in dependence on the dynamic response of the system for supplying the oxidant stream.
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Method and apparatus for regulating electrical power output of a fuel cell system

BACKGROUND

Field of Invention

The invention relates to a method and apparatus for regulating electrical power output of a

fuel cell system.

Description of the Related Art

US 5 432 710 A describes a power supply system that contains a fuel cell and a controller.
The controller regulates the systems and subsystems of the power supply system by
minimizing a cost function in the form of an algebraic equation. This cost function takes into
account the power demand of the load, the power demand of the system itself, and the
exhaust gases. In dependence on the cost function, the controller sets the mass flow of an
oxidant stream and the mass flow of a hydrogen-rich gas for the fuel cell unit, and the mass

flow of a fuel for the reformer.

There is a need for improvement in regulating power supply from a fuel cell to a load. The

present invention addresses this need and provides further related advantages.

BRIEF SUMMARY OF THE INVENTION

The invention provides a method of operating a fuel cell system comprising a fuel cell with
an anode stream passage and a cathode stream passage, an anode supply system for

supplying a hydrogen-rich gas to the anode stream passage, a cathode supply system for
supplying an oxidant stream to the cathode stream passage and a controller for operating

the anode and cathode supply systems.

The method comprises operating one supply system in dependence on the dynamic re-

sponse of the other supply system. The hydrogen-rich gas mass flow to the anode stream
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passage may be set in dependence on the dynamic response of the cathode supply system
and/or the oxidant stream mass flow to the cathode stream passage may be set in depend-

ence on the dynamic response of the anode supply system.

The invention also provides a method of operating a fuel cell comprising a fuel processing
system for converting a supply fuel into a hydrogen-rich gas. In such an embodiment, the
supply fuel mass flow to the fuel processing system may be set in dependence on the
dynamic response of the cathode supply system and/or the oxidant stream mass flow to the
cathode stream passage may be set in dependence on the dynamic response of the fuel

processing system.

In a further embodiment, the supply fuel mass flow to the fuel processing system may be

set in dependence on the efficiency of the fuel processing system.

In a still further embodiment, the supply fuel mass flow to the fuel processing system may
be set in dependence on the intrinsic consumption of hydrogen-rich gas in the fuel process-

ing system.

The invention also provides a fuel cell system comprising:
a) a fuel cell comprising an anode stream passage and a cathode stream passage;
b) an anode supply system for supplying a hydrogen-rich gas to the anode stream
passage;
¢) a cathode supply system for supplying an oxidant stream to the cathode stream
passage;
d) a controller for operating one supply system in dependence on the dynamic re-

sponse of the other supply system.

The anode supply system may comprise a fuel processing system for converting a supply

fuel into a hydrogen-rich gas.

Pursuant to the invention, the controller may set the hydrogen-rich gas mass flow to the
anode stream passage in dependence on the dynamic response of the cathode supply
system. Alternatively, the controller may set the supply fuel mass flow to the fuel processing

system in dependence on the dynamic response of the cathode supply system.
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In an alternative embodiment, the controller may set the oxidant stream mass flow to the
cathode stream passage in dependence on the dynamic response of the anode supply

system or in dependence on the dynamic response of the fuel processing system.

In a further alternative embodiment, the controller may set the supply fuel mass flow to the

fuel processing system in dependence on the efficiency of the fuel processing system.

In a still further alternative embodiment, the controller may set the supply fuel mass flow to
the fuel processing system in dependence on the intrinsic consumption of hydrogen-rich gas

in the fuel processing system.

Many specific details of certain embodiments of the invention are set forth in the detailed
description below to provide a thorough understanding of such embodiments. One skilled in
the art, however, will understand that the present invention may have additional embodi-

ments, or may be practiced without several of the details described.
BRIEF DESCRIPTION OF THE DRAWING(S)

Fig. 1 shows a block diagram illustrating a method and apparatus for regulating the electrical

power output of a fuel cell system according to the invention.

Fig. 2 shows in diagrams a, b, ¢, d, e, and f as a function of time, the mass flow of a
hydrogen-rich gas, the mass flow of an oxidant stream, and the output current of a fuel cell
system that is operated without u.sing the method and apparatus according to the invention.
Fig. 3 shows in diagrams a, b, and c as a function of time, the current demand, the mass
flow of a supply fuel, and the mass flow of a hydrogen-rich gas in a fuel cell system, with a

proportional controller with derivative action in the supply branch for the hydrogen-rich gas.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENT(S)
For the generation of electrical energy, a hydrogen-rich gas and an oxidant stream are

supplied to a fuel cell through different supply lines. In fuel cell systems that are operated

with a reformer, the supply line for supplying a hydrogen-rich gas typically includes a fuel
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processing system with a reformer, in which a hydrogen-rich reformate stream is produced,
and typically other fuel processing and/or gas purification equipment, while the supply line
for supplying an oxidant stream includes a separate oxidant supply system. This system for
supplying oxidant stream usually includes a compressor to control the mass flow of the
oxidant stream. In the method according to the invention, these two supply lines can be
operated inter-dependently. This means that when supplying oxidant stream, the system
can take into account the dynamic response or possible delays of the fuel processing system,
and that the hydrogen-rich gas can be supplied in dependence on the dynamic response or
possible delays of the system for supplying oxidant stream. This option for the supply
paths to influence each other improves the regulation of the output of the fuel cell system

and thus improves the manner in which the overall fuel cell system provides the desired

power output.

Hydrogen-rich gas is produced in the fuel processing system from a supply fuel that usually
contains a carbon- and hydrogen-rich medium, such as for example methanol. The
consumption and loss of hydrogen-rich gas in the fuel processing itself and the efficiency of
the fuel processing system can be taken into account when determining the required supply
fuel quantity. This results in a more accurate determination of the required quantity of
supply fuel to be delivered to the fuel processor, and thus in a more precise output
regulation.

What follows is a more detailed description, with the help of Fig. 1, of a method and
apparatus for regulating the electrical power output of a fuel cell system according to the
invention. The method and apparatus are particularly applicable when the fuel cell system
comprises a fuel processing system 1 to provide a hydrogen-rich medium or gas, in addition
to a system 2 for supplying an oxidant stream, and a fuel cell 3 to supply power to electrical
loads. However, the method and apparatus are also applicable in a fuel cell system which
does not have a fuel processor, in which a hydrogen-rich gaé (for example, substantially
pure hydrogen) is supplied from a hydrogen storage tank or medium. The fuel cell 3 is thus
supplied with a hydrogen-rich stream (for example, a reformate stream or pure hydrogen)
and an oxidant stream for example an oxygen-rich gas, such as air. Hydrogen-ri‘ch gas is
typically produced from a supply fuel in a reformer (not shown) of the fuel processing
system 1. This supply fuel may contain alcohols, ethers, esters, hydrocarbons, such as for
example natural gas or gasoline, and/or any other medium that can be used to produce

hydrogen for the operation of a fuel cell system. The preferred supply fuel is methanol. The
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system 2 for supplying the oxidant stream comprises a compressor (which is not shown) to

set the mass flow of the oxidant stream 71, . The compressor is a parasitic electrical load

that is provided with current Is,s by fuel cell 3. The fuel cell system contains a controller 4 to

adjust the mass flow of the supply fuel s, directed to fuel processing system 1 and to
adjust the mass flow of the oxidant stream 7, directed to fuel cell 3. In the signal flow

paths that are associated with the hydrogen-rich gas and the oxidant stream, the controller
4 is located upstream of the fuel processing system 1 and upstream of the system 2 for
supplying the oxidant stream. In an advantageous manner, an arithmetic unit 8 is located
upstream of the controller 4 in the signal flow path 11, and uses the current or power
demand Iirger to generate a target value for the supply fuel quantity to be metered, or for

the supply fuel mass flow s, ,. Analogously, an arithmetic unit 9 is located upstream of

the controller 4 in the signal flow path 12, and uses the current demand or power demand
Targer tO generate a target value for the speed of the compressor (not shown) or for the mass

flow of the oxidant stream 7z, . The controller 4 can be integrated in a control device.

Alternatively, the areas of the controller 4 that are only associated with one signal flow path
11, 12, may be integrated in separate control devices that are associated exclusively with

the signal flow paths 11, 12.

In accordance with the invention, the mass flow of the oxidant stream m,, directed to fuel

cell 3 can be adjusted in dependence on the dynamic response of the fuel processing system
1. By dynamic response of a system it is understood that a fundamental characteristic of the
system is that its response is time-dependent. If the system can be represented by a
differential equation or a difference equation, then this equation can describe its dynamic
behaviour. For example, in a linear differential equation, the eigenvalues and the eigenvec-
tors determine the transient response of the system. The transient response is characterised
by possible time delays, a certain damping, possible overshoots, etc. Dead times are also a

‘part of the dynamic response of a system.

Controller 4 contains a first filter unit 5, which is arranged in signal flow path 12. The
parameters of filter unit 5 can be adjusted in dependence on the dynamic response of fuel
processing system 1 (dot-dash arrow linking elements 1 and 5). The parameters can either

be set using a simulation model of fuel processing system 1, and/or using measured values
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and/or calculated values of the mass flow of the hydrogen-rich gas 7,,,, since these values

are also dependent on the dynamic response of fuel processing system 1. The term simula-
tion model refers to a mathematical and/or physical model of a system. A physical model
can be obtained by describing the system using appropriate physical laws. A mathematical
model can be obtained by measuring the input and output quantities of the system and by
approximating the response of the system with the help of these measured quantities, for

example, using the method of least squares known in the literature.

Mathematical models that are suitable for this are, for example, linear and non-linear
differential equations or difference equations, performance characteristics maps, neural
networks, the ARX model known from the English-language literature (autoregressive model
with exogenous input variables), etc. The simulation model or the parameters of the
simulation model can be generated prior to using the system or during the operation of the
system and can be adjusted after certain time intervals to match the actual system behav-
jour (adaptive modelling or identification). Adaptive modelling makes it possible to integrate

effects such as ageing or changed operating points into the simulation model.

Normally, fuel processing system 1 is characterised by a dynamic response that is slower
than that of system 2 for supplying the oxidant stream, since the dynamic response of the
latter is predominantly determined by the dynamic response of the air supply compressor
(not shown), which usually. is characterised by a comparatively rapid dynamic behaviour. In
order to be able to introduce into fuel cell 3 the required amount of oxidant stream at the
same time, and not prior to, as the corresponding amount of hydrogen-rich gas, for example
during a load change, filter unit 5 preferably contains a proportional controller with a
selectable order time delay or a selectable order time delay element (a so-called PTy ele-
ment). The parameters of the time delay element, such as the time constants and the
amplification factor, and the ordinal number, can then be chosen in dependence on the
dynamic behaviour of the fuel processing system 1. Preferably, one uses a second order

time delay element (PT2).

The supply fuel mass flow 1, can also be adjusted in dependence on the dynamic

response of the system 2 for supplying the oxidant stream. The controller 4 is equipped with

a second filter unit 6, which is arranged in the signal flow path 11. The parameters of this
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second filter unit 6 can be set in dependence on the dynamic behaviour of the system 2 for

supplying the oxidant stream (dashed arrow linking elements 2 and 6).

The parameters can be adjusted using the simulation model for system 2 for supplying the

oxidant stream and/or using measured and/or calculated values of the mass flow of the

oxidant stream 7t .., since these values also are dependent on the dynamic response of the

supply system 2. Should fuel processing system 1 possess a faster dynamic response than
system 2 for supplying the oxidant stream or the compressor (not shown), then second filter
unit 6 preferably contains a proportional controller with a time delay of any desired order or
a selectable order time delay element (as a so-called PTy element). The parameters of the
time delay element, such as the time constants and the amplification factor, and the ordinal
number, can then be chosen in dependence on the dynamic behaviour of the system 2 for

supplying the oxidant stream or of the compressor (not shown).

Fig. 2 shows curves for the operation of a fuel cell system in two cases where the air mass
flow and the hydrogen-rich gas mass flow are not co-ordinated or interdependent. Figs. 2a-
c illustrate an example of the step responses of hydrogen mass flow (diagram a), air mass
flow (diagram b), and current ILoaiae (diagram c), as a function of time and in response to a
sudden increase in current demand Iirger at time zero, wherein the increased air mass flow is
supplied to the fuel cell 3 earlier than the increased hydrogen mass flow. The current Tavaiabie
is the current Lqua that can be produced by fuel cell 3 minus a current Iy, which is con-
sumed by auxiliary equipment (parasitic loads), such as the compressor, a high-pressure
compressor of the fuel processing system, or an air conditioning system. This means that
Laianle FEPresents the current that is available to power an external load, for example, for
the propulsion of a vehicle. The step response of the hydrogen mass flow and the air mass

flow are representative of the step responses of the mass flows of a hydrogen-rich and an

oxidant stream 7it,;, , 71 g, «

If there is a sudden power demand on the fuel cell system, the step response of the hydro-
gen mass flow increases slowly until it reaches the steady-state final value (diagram a). The
step response of the air mass flow reaches its steady-state limiting value much earlier, i.e. it
has a higher rate of increase (diagram b). Consequently, during the rise time of the hydro-

gen mass flow, the current Luaiavie at first drops significantly and subsequently increases until
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it reaches its steady-state limiting value (diagram c). A comparison of diagrams a, b, and ¢
shows that an unwanted current dip — due to the increased power demand of the compres-
sor (Is,s), Which arises too early — can occur during the time interval during which the fuel
cell is supplied with an increased quantity of air before hydrogen. This state can arise if the
compressor is activated to increase its output too early or if the compressor speed is too

high.

Figs. 2d-f illustrate an example of the step responses of hydrogen mass flow (diagram d), air
mass flow (diagram e), and current Lyaiane (diagram f), as a function of time. Solid lines

represent the values that are the result of a sudden increase in current demand Iirger at time
zero if the hydrogen mass flow is supplied to the fuel cell earlier than the air mass flow. The

step responses of the hydrogen mass flow and the air mass flow are representative of the

step responses of the mass flows of a hydrogen-rich and an oxidant stream 7, , ;. In

this case (diagram d), before reaching its steady-state limiting value, the step response of
the hydrogen mass flow rises faster than in diagram a. The step response of the air mass
flow reaches its steady-state limiting value at a later time, i.e. it increases more slowly

(diagram e). The behaviour of the current Lyaiape COrresponds to that of the air mass flow

(diagram f).

The dotted line in diagram d shows the behaviour of a hydrogen mass flow, were it to
correspond to the behaviour of the air mass flow shown in diagram e. A comparison of
diagram d with diagram e shows that the increased hydrogen mass flow is made available to
the fuel cell 3 earlier than the increased air mass flow. This state can arise if the compressor
is activated late or if the compressor speed is too low. The area A between the solid line and
the dotted line in diagram d is an indication of the unutilized dynamic response of the fuel
processing system 1. The increased supply of hydrogen or of a hydrogen-rich gas — in
comparison to the supply of air or an oxidant stream — can lead to overheating of a catalytic
burner (if present), which usually is connected downstream of the fuel cell 3 to combust
hydrogen contained in the fuel cell exhaust gas. It can also result in decreased fuel effi-

ciency.

Taking into account the dynamic response of the fuel processing system 1 when supplying

the oxidant stream and taking into account the dynamic response of the system 2 for
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supplying the oxidant stream or that of the compressor (not shown) when supplying supply
fuel to the fuel processing system 1, makes it possible to synchronize or co-ordinate the
supply of hydrogen-rich gas and the supply of the oxidant stream to the fuel cell unit, i.e.
the appropriate volumes or mass flows of the two reactants required by the load are
supplied to the fuel cell simultaneously. This results in a rapid, reliable, and safe supply of
power and prevents unwanted current- and/or voltage dips, or unnecessary thermal loads on

other system components, such as a catalytic burner.

In a further embodiment of the invention, measured and/or calculated values of the mass

flow of the hydrogen-rich gas #z,,, are provided to the controller 4 as additional input

variables.

Furthermore, measured and/or calculated values of the mass flow of the oxidant stream

/i, can be provided to the controller 4 as well. Preferably, the controller contains a multi-

variable controller, which uses as input variables the current demand Iirge: OF @ target value
for the amount of supply fuel and a target value for the compressor speed, and which uses

as controlled variables the mass flows of the hydrogen-rich gas #,, and of the oxidant
stream 71, , and which uses as manipulated variable the metering of the supply fuel

quantity and the activation of the compressor. In order to be able to implement the current
demand Iiger @s accurately as possible, the filter unit 6 can contain a proportional controller
or a proportional controller with derivative action to compensate for the slow dynamic

response of the fuel processing system. Preferably, the transfer function of the proportional

controller with derivative action is given by the Laplace Transform equation

whereby s is a complex variable. K is an amplification factor, and Ty and T are time
constants of the proportional controller with derivative action, with the usual relation Ty + Ty

> T,. The value of the amplification factor is preferably equal to 1.



WO 03/017403 PCT/EP02/09249
-10 -

Fig. 3 shows the current demand L (diagram a), the supply fuel mass flow s, (dia-

gram b), and the mass flow of the hydrogen-rich gas s, (diagram c), as a function of
time. The solid lines represent the signal in the case when a proportional controller with
derivative action is used (as in an embodiment of the present invention), while the dotted
lines represent the signal resulting when such a proportional controller with derivative action

is not used.

The current demand that is shown in diagram a of Fig. 3 has the shape of a step function,
which rises suddenly at time t, and returns to its original value at time t;. Diagram b shows
the supply fuel mass flow 7., as a function of time, which typically results from the change
in current demand Igrger Shown in diagram a. If a proportional controller with derivative
action is used, then the supply fuel mass flow #1,,, increases suddenly at time t; and then
drops exponentially to its steady-state final value, which is normally reached in the time
interval t, < t < t;, whereby the value of the supply fuel mass flow s, attime t; is larger
than the steady-state final value. In the remainder of this description, this phenomenon will
be referred to as overshoot. Time is represented by the variable t. When I is decreased
at time ty, the supply fuel mass flow s1,,, drops suddenly at time t; and then rises exponen-
tially to its steady-state final value, which is normally reached at t > t;, whereby the value of
the supply fuel mass flow 7, attime t; is smaller than the steady-state final value (solid
line). If no proportional controller with derivative action is used, then the behaviour of the
supply fuel mass flow 7., is analogous to that of the current demand Itarget. This is to say
that at time t, the supply fuel mass flow increases suddenly and suddenly returns to its
original value at time t; (dotted line b;). Diagram c shows the resulting step response of the

mass flow of the hydrogen-rich gas iy, .

If a proportional controller with derivative action is used, then the mass flow of the hydro-
gen-rich gas s, usually rises exponentially at time to until it reaches its steady-state final
value, and subsequently at time t; drops exponentially back to its original value (solid line).
If no proportional controller with derivative action is used then the mass flow of the hydro-
gen-rich gas behaves identically, but it takes longer to reach the final yalue after t, or the

original value after ty, i.e. the transient response times are longer (dotted line ¢;).
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This means that if a proportional controller with derivative action is present, the mass flow of

the hydrogen-rich gas 1, reacts more rapidly to changes of the current demand Iirget OF
the supply fuel mass flow sit,,,. The higher the overshoot during the metering of the supply

fuel, the faster the required quantity of hydrogen-rich gas can be provided for the fuel cell 3.
A large overshoot with a short transient response time is practical. The choice of the time
constants Ty and T; influences the shape, the amplitude and/or the width of the overshoot
of the supply fuel curve. This is a result of the fact that the step response and the transfer
function are related to each other by the Inverse Laplace Transform equation. Thus, the
amplitude and/or width can be chosen, but this choice is limited by parasitic delays and/or

component limits.

Since the fuel processing system 1 usually possesses a slower dynamic response than the
system 2 for supplying the oxidant stream, it is of advantage to integrate a proportional
controller with derivative action into the filter unit 6, and to also include a time delay
element into the filter unit 5. This compensates for a time delay of the fuel processing
system 1 in the signal flow path 11 and balances the more rapid response characteristics of

the system 2 for supplying the oxidant stream.

In a further embodiment of the invention, it is possible to take into account - for the setting

of the supply fuel mass flow 1, - an efficiency n of the reformer (not shown) or of the

entire fuel processing system 1, and/or the intrinsic consumption of hydrogen-rich gas by
the fuel processing system 1 itself. This intrinsic consumption of hydrogen-rich gas is
typically the result of one or more gas purification stages, which are usually located down-

stream of the reformer.

Because for purposes of gas purification one typically supplies a larger amount of an oxidant
stream, such as air, than is actually required, so as to be able to reduce the concentration of
CO (carbon monoxide) in the reformate stream, a loss of hydrogen-rich gas in the fuel
processing system 1 occurs as a consequence. This can be taken into account as intrinsic
consumption for supply fuel metering purposes. The added oxygen-rich gas is referred to as
AD, i.e. air dosage. The intrinsic consumption and efficiency n usually depend on the

amount of supply fuel dosage or on the supply fuel mass flow s, . The air dosage AD
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and the efficiency n can preferably be determined by using performance characteristic maps,

which use as their input variables the supply fuel dosage or the supply fuel mass flow 7, .

With the help of Faraday’s laws, it is possible to use the current demand Liarget and the air

dosage AD to calculate the required mass flow of hydrogen-rich gaszi,, , from which one

can calculate the supply fuel mass flow s, to be set by means of the following equation

Ay 2-0.
ﬁzFuel :‘A/[Fuel'/l"l—'(_,;ﬂz—'[mrgm-i- I(/)ZlAD],
< 7 4 0

whereby Mgy is the molar mass of the supply fuel, nis the number of fuel cells in the fuel

cell unit, z is the valency of hydrogen (z = 2), Vi is the normal volume or molar volume of

oxygen, and F is Faraday’s constant. AFS, represents the stoichiometric coefficient of

hydrogen in the reaction equation
2T H, vk 70, 5 0+ (18 <1) B, + 1 (15 -1)-0
H2 2 2 02 2 2 H2 2 2 02 2

and A5 represents the stoichiometric coefficient of oxygen in the above reaction equation.

The number 2 appears in the numerator of the second term inside the brackets because the
fuel cell requires two hydrogen molecules H, for each oxygen molecule O, for the reaction to
occur. The number 0.21, which also appears in the numerator of the second term inside the

brackets, represents the percentage of oxygen in air.

The factor k indicates how many moles of the hydrogen-rich gas can be produced with one
mole of supply fuel in an ideal fuel processing system with n equal to 100%. For example,
if methanol is used as supply fuel, it is possible to produce 3 moles of hydrogen and k equals
3. Taking into account the efficiency n and the air dosage AD of the fuel processing system

1 the reformer (not shown) allows a more accurate dosage of supply fuel, which results in a
more accurate dosage of the hydrogen-rich gas. Block 7 in Fig. 1 represents the effect of

the air dosage AD on the dosage of the hydrogen-rich gas.

In a further embodiment of the invention, output current Iqua is determined from the mass
flow of the hydrogen-rich gas r1,,, and the mass flow of the oxidant stream 1, by means

of a simulation model 10 that is based on the fuel cell 3. The output current Lowa represents

the maximum current that may be requested or consumed by the loads. The output current
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Lua IS the instantaneous current that the fuel cell 3 can provide. In contrast, the actual
measurable output current of the fuel cell unit, Irc, represents the current that is actuafly
required and drawn by the loads. The simulation model can, for example, be a proportional
controller with a time delay of any desired order or a time delay element of any desired

order (a so-called PTy element).

In a further embodiment of the invention, output current I, is determined from the
current demand Iiget by means of a second simulation mode! (not shown), which is based
on the fuel cell 3, the fuel processing system 1, and the system 2 for supplying the oxidant
" stream. In this case as well, the output current Iaya represents the maximum current that

can be requested or consumed by the loads.

The output current Ly is the instantaneous current that the fuel cell 3 can provide. This
simulation model can for example be a proportional controller with a time delay of any
desired order or a time delay element of any desired order (a so-called PTy element),

preferably a fourth order time delay element (PT; element).

The use of simulation models to calculate the output current Ly, eliminates the need to use
potentially expensive sensors in the fuel cell system. Moreover, the above-described
simulation models provide noise-free signals as output signals. A suitable choice of appro-
priate simulation models makes it possible to represent the above-mentioned subsystems of

the fuel cell system, e.g. the fuel cell 3, with any desired accuracy.

It would be useful, if in a mobile device, such as a fuel cell vehicle, it would be possible to
distinguish between the current that is required for the propulsion of the vehicle and the
current that is needed for other electrical systems or loads that are integrated into the
vehicle, such as for example the compressor, a high-pressure compressor of the fuel
processing system, or an air conditioning system. The electrical parasitic loads also include
loads in the vehicle electrical system, such as in a 12V or a 42V vehicle electrical system.
For improved clarity, the first-mentioned current will be referred to as Ierop, While the latter
current will be referred to as Is,. The current demand Iige: Can be calculated as the sum of
Terop @nd Iss. From the current that has been measured and/or simulated or calculated with
the help of the above-mentioned simulation models one can determine — taking into account

the current consumption Iy of the other electrical loads — an available current Iuaane, Which
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— in the case of a vehicular application — is available for the propulsion of the vehicle by

means of an electric motor. This allows a rapid and precise control of the required curfent

IProp-

The principles disclosed herein apply to a sudden increase in current demand as well as to
sudden current reduction in current demand, such as when the fuel cell system is shut
down. In such a case, the fuel processing system 1 is typically not as quick in stopping the
production of hydrogen-rich gas, when compared to the system 2 stopping the supply of
oxidant stream. As outlined previously, the increased supply of the hydrogen-rich gas (when
compared to the oxidant stream) can lead to overheating of a catalytic burner located
downstream of the fuel cell 3. The parameters of the time delay element could therefore
vary depending on whether the sudden load change is negative or positive. For example,
the parameters of filter unit 5 could be selected to protect a downstream catalytic burner

from overheating during shutdown.

While particular elements, embodiments and applications of the present method and
apparatus have been shown and described herein, it will be understood, of course, that the
invention is not limited thereto since modifications may be made by those skilled in the art,

particularly in light of the foregoing teachings.

It is therefore contemplated by the appended claims to cover such modifications as incorpo-

rate those features which come within the scope of the invention.
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Patent Claims

What is claimed is:

. A method of operating a fuel cell system comprising a fuel cell with an anode stream
passage and a cathode stream passage, an anode supply system for supplying a hydro-
gen-rich gas to the anode stream passage, a cathode supply system for supplying an
oxidant stream to the cathode stream passage and a controller for operating the anode
and cathode supply systems, the method comprising operating one supply system in

dependence on the dynamic response of the other supply system.

. The method of claim 1, wherein the hydrogen-rich gas mass flow to the anode stream

passage is set in dependence on the dynamic response of the cathode supply system.

. The method of claim 1, wherein the oxidant stream mass flow to the cathode stream

passage is set in dependence on the dynamic response of the anode supply system.

. The method of claim 1, wherein the fuel cell system comprises a fuel processing system

for converting a supply fuel into a hydrogen-rich gas.

. The method of claim 4, wherein the supply fuel mass flow to the fuel processing system

is set in dependence on the dynamic response of the cathode supply system.

. The method of claim 4, wherein the oxidant stream mass flow to the cathode stream

passage is set in dependence on the dynamic response of the fuel processing system.

. The method of claim 4, wherein the supply fuel mass flow to the fuel processing system

is set in dependence on the efficiency of the fuel processing system.

. The method of claim 5, wherein the supply fuel mass flow to the fuel processing system

is set in dependence on the efficiency of the fuel processing system.
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The method of claim 4, wherein the supply fuel mass flow to the fuel processing system
is set in dependence on the intrinsic consumption of hydrogen-rich gas in the fuel proc-

essing system.

The method of claim 5, wherein the supply fuel mass flow to the fuel processing system
is set in dependence on the intrinsic consumption of hydrogen-rich gas in the fuel proc-

essing system.

A fuel cell system comprising:

a) a fuel cell comprising an anode stream passage and a cathode stream passage;

b) an anode supply system for supplying a hydrogen-rich gas to the anode stream pas-
sage;

c) a cathode supply system for supplying an oxidant stream to the cathode stream pas-
sage;

d) a controller for operating one supply system in dependence on the dynamic response

of the other supply system.

A fuel cell system as recited in claim 11, wherein the anode supply system comprises a

fuel processing system for converting a supply fuel into a hydrogen-rich gas.

A fuel cell system as recited in claim 11, wherein the controller sets the hydrogen-rich
gas mass flow to the anode stream passage in dependence on the dynamic response of

the cathode supply system.

A fuel cell system as recited in claim 12, wherein the controller sets the supply fuel mass
flow to the fuel processing system in dependence on the dynamic response of the cath-

ode supply system.

A fuel cell system as recited in claim 11, wherein the controller sets the oxidant stream
mass flow to the cathode stream passage in dependence on the dynamic response of the

anode supply system.
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16. A fuel cell system as recited in claim 12, wherein the controller sets the oxidant stream

17.

18.

19.

20.

mass flow to the cathode stream passage in dependence on the dynamic response ‘of the

fuel processing system.

A fuel cell system as recited in claim 12, wherein the controller sets the supply fuel mass

flow to the fuel processing system in dependence on the efficiency of the fuel processing

system.

A fuel cell system as recited in claim 14, wherein the controller sets the supply fuel mass

flow to the fuel processing system in dependence on the efficiency of the fuel processing

system.

A fuel cell system as recited in claim 12, wherein the controller sets the supply fuel mass
flow to the fuel processing system in dependence on the intrinsic consumption of hydro-

gen-rich gas in the fuel processing system.

A fuel cell system as recited in claim 14, wherein the controller sets the supply fuel’s

mass flow to the fuel processing system in dependence on the intrinsic consumption of

hydrogen-rich gas in the fuel processing system.
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