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The present invention provides a method for controlling out-
put of a fuel cell to improve fuel efficiency of a fuel cell hybrid
vehicle, in which the fuel cell is operated at a constant power
at a maximum efficiency point, wherein the fuel cell and a
storage means are directly connected if the output and energy
of'the storage means is insufficient, and the power generation
of the fuel cell is stopped when the level of energy of the
storage means is increased during stopping or during low
power operation such that the fuel cell is intensively operated
at the maximum efficiency point, thus improving the fuel
efficiency of the fuel cell and the efficiency of the fuel cell
system.
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Fuel Cell Efficiency
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Fig. 3
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1
METHOD FOR CONTROLLING OUTPUT OF
FUEL CELL IN FUEL CELL HYBRID
VEHICLE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims under 35 U.S.C. §119(a) the ben-
efit of Korean Patent Application Nos. 10-2008-0061277
filed on Jun. 27, 2008 and 10-2008-0065804 filed on Jul. 8,
2008, the entire contents of which are incorporated herein by
reference.

BACKGROUND

(a) Technical Field

The present invention relates to a method for controlling
output of a fuel cell to improve fuel efficiency of a fuel cell
hybrid vehicle. More particularly, the present invention
relates to a method for controlling output of a fuel cell in a fuel
cell hybrid vehicle that preferably includes a fuel cell as a
main power source and a storage means (preferably a super-
capacitor or battery) as an auxiliary power source, which can
improve the fuel efficiency and the efficiency of a fuel cell
system by effectively controlling the output of the fuel cell
according to the level of energy stored in the storage means.

(b) Background Art

In general, a fuel cell is an electricity generation system
that does not convert chemical energy of fuel into heat by
combustion, but electrochemically converts the chemical
energy directly into electrical energy in a fuel cell stack. Such
a fuel cell can be suitably applied to the supply of electric
power for small-sized electrical/electronic devices such as
portable devices, as well as to the supply of electric power for
industry, home, and vehicle.

Atpresent, the most attractive fuel cell generally in use for
a vehicle is a polymer electrolyte membrane fuel cell
(PEMFC), also called a proton exchange membrane fuel cell,
comprising: a membrane electrode assembly (MEA) includ-
ing a polymer electrolyte membrane (PEM) for transporting
hydrogen ions and an electrode catalyst layer, in which an
electrochemical reaction takes place, suitably disposed on
both sides of the PEM; a gas diffusion layer (GDL) for uni-
formly diffusing reactant gases and transmitting generated
electricity; a gasket and a sealing member for maintaining
airtightness of the reactant gases and coolant and providing an
appropriate bonding pressure; and a bipolar plate for trans-
ferring the reactant gases and coolant.

In the fuel cell having the above-described configuration,
hydrogen as a fuel and oxygen (air) as an oxidizing agent are
preferably supplied to an anode and a cathode through flow
fields of the bipolar plate, respectively. The hydrogen is suit-
ably supplied to the anode (also called a “fuel electrode”,
“hydrogen electrode”, and “oxidation electrode™) and the
oxygen (air) is suitably supplied to the cathode (also called an
“air electrode”, “oxygen electrode”, and “reduction elec-
trode”). The hydrogen supplied to the anode is dissociated
into hydrogen ions (protons, H") and electrons (e7) by cata-
lyst of the electrode catalyst layer preferably provided on both
sides of the electrolyte membrane. Preferably, only the hydro-
gen ions are selectively transmitted to the cathode through the
electrolyte membrane, which is a cation exchange membrane
and, at the same time, the electrons are suitably transmitted to
the anode through the GDL and the bipolar plate, which are
conductors. At the anode, the hydrogen ions supplied through
the electrolyte membrane and the electrons transmitted
through the bipolar plate meet the oxygen in the air preferably
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supplied to the anode by an air supplier and suitably cause a
reaction that produces water. Due to the movement of hydro-
gen ions occurring at this time, the flow of electrons through
an external conducting wire occurs, and thus a current is
generated.

If the fuel cell is used as the only suitable power source of
an electric vehicle, the fuel cell powers all loads of the
vehicle, which results in performance deterioration during
operation, where the efficiency of the fuel cell is low. More-
over, during high speed operation where a high voltage is
suitably required, a sufficient voltage required by a drive
motor is not supplied due to a rapid decrease in output volt-
age, and thus decreases acceleration performance. Further-
more, if a sudden load is applied to the vehicle, the output
voltage of the fuel cell drops or suddenly drops and suitably
sufficient power is not supplied to the drive motor, thus
decreasing vehicle performance (for example, a sudden
change in load imposes a heavy burden on the fuel cell since
electricity is generated by an electrochemical reaction). In
addition, since the fuel cell has unidirectional output charac-
teristics, it is difficult to recover energy from the drive motor
during braking of the vehicle, thus decreasing the efficiency
of the vehicle system.

Accordingly, a fuel cell hybrid vehicle has been developed.
Preferably, a fuel cell hybrid vehicle includes a large vehicle,
such as, but not limited to, a bus, as well as a small vehicle,
and is equipped with a suitable storage means such as a high
voltage battery or a supercapacitor as an auxiliary power
source for providing suitable power required for driving the
motor in addition to the fuel cell as a main power source. At
present, a fuel cell-storage means hybrid vehicle that does not
employ a power converter has been studied, and the fuel
cell-storage means hybrid vehicle has, for example, high fuel
efficiency (high regenerative braking, high efficiency of
supercapacitor, and without the use of the power converter),
an increase in durability of the fuel cell, high reliability con-
trol, and the like.

In examples where the hybrid vehicle in which the fuel cell
and the storage means are directly connected, the fuel cell
continuously outputs power at suitably constant level during
driving. Preferably, if electric power is suitably sufficient, the
storage means is charged with surplus power, whereas, if the
electric power is insufficient, the storage means supplies the
insufficient power to drive the vehicle.

Preferably, a fuel cell-supercapacitor hybrid vehicle in
which a supercapacitor is employed as the storage means
preferably includes a fuel cell suitably used as a main power
source, a supercapacitor suitably used as an auxiliary power
source, a supercapacitor precharge unit suitably interposed
between a main bus terminal, which is an output port of the
fuel cell, and the supercapacitor, and a motor control unit
(MCU) (preferably with an inverter), which is a power mod-
ule for rotating a drive motor, preferably connected to output
ports of the fuel cell and the supercapacitor, producing a
3-phase pulse width modulation (PWM) by receiving direct
current therefrom, and controlling the motor drive and the
regenerative braking. Preferably, the supercapacitor pre-
charge unit is used only to charge the discharged supercapaci-
tor during initial start-up.

Accordingly, the above-described fuel cell-supercapacitor
hybrid vehicle preferably uses the fuel cell as the main power
source, which receives hydrogen from a hydrogen tank and
air from an air blower to generate electricity by an electro-
chemical reaction between hydrogen and oxygen in the air.
According to preferred embodiments of the invention, the
drive motor and the MCU are directly connected to the fuel
cell through the main bus terminal, and the supercapacitor is
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connected to the fuel cell through the supercapacitor pre-
charge unit to provide power assist and regenerative braking.

The configuration of an exemplary fuel cell system will be
briefly described herein. FIG. 1 shows an exemplary air sup-
plier and a hydrogen supplier. As shown in the figure, dry air
suitably supplied through an air blower 28 is humidified by a
humidifier 29 and supplied to a cathode of a fuel cell stack 2.
Preferably, exhaust gas of the cathode, humidified with water
generated from the cathode, is delivered to the humidifier 29
and used to humidify dry air to be supplied to the cathode by
the air blower 28.

Preferably, the hydrogen supplier comprises two lines. The
first line supplies hydrogen to an anode of the fuel cell stack
2 through a low pressure regulator (LPR) 23, and a portion of
hydrogen at an outlet port of the anode is recirculated through
a recirculation blower 24. The second line supplies hydrogen
at high pressure directly to the anode through a valve 25 and
an ejector 26, and a portion of hydrogen at the outlet port of
the anode is recirculated and supplied through the ejector 26.

Moreover, hydrogen remaining in the anode directly passes
through an electrolyte membrane without generation of elec-
tricity and reacts with oxygen in the cathode, which is called
“crossover”. In orderto reduce the amount of hydrogen cross-
over, it is necessary to reduce the anode pressure during low
power operation and increase the anode pressure during high
power operation wherein the output of the fuel cell stack is
increased. To this end, the low pressure regulator 23 is used
singly when low pressure is required, and hydrogen at high
pressure is supplied by controlling the valve 25 when high
power is required or during hydrogen purging. The higher the
anode (hydrogen) pressure is, the more the amount of hydro-
gen crossover is increased. Since the hydrogen crossover has
undesirable effects on the fuel efficiency and durability of the
fuel cell, it is necessary to maintain an appropriate anode
pressure. Accordingly, a hydrogen purge valve 27 is prefer-
ably used to discharge impurities and condensed water at the
anode, thus ensuring the performance of the fuel cell stack.
The outlet port of the anode is suitably connected to a water
trap 31 such that the condensed water stored in the water trap
31 is discharged through a valve 32 if the amount of con-
densed water reaches a suitable predetermined level.

Preferably, the driving mode of the hybrid vehicle includ-
ing the fuel cell as the main power source and the superca-
pacitor (or a high voltage battery which is a secondary bat-
tery) as the auxiliary power source includes an electric
vehicle (EV) mode in which the motor is driven only by the
power of the fuel cell, a hybrid electric vehicle (HEV) mode
in which the motor is driven by the fuel cell and the superca-
pacitor at the same time, and a regenerative braking (RB)
mode in which the supercapacitor is charged.

However, in the fuel cell-supercapacitor hybrid vehicle the
supercapacitor is automatically charged by the fuel cell,
which restricts the regenerative braking. Accordingly, such a
problem can be solved by stopping the operation of the fuel
cell during low power operation and during regenerative
braking. Moreover, it is possible to improve the fuel effi-
ciency by restricting the use of the fuel cell during low power
operation where the efficiency of the fuel cell is low.

As above, in order to improve the fuel efficiency, it is
necessary to consider the fuel cell stop/restart process, i.e., an
idle stop/start control process, in which the power generation
of the fuel cell is suitably stopped and restarted (the fuel cell
is turned on and off), if necessary, during driving of the fuel
cell-battery or fuel cell-supercapacitor hybrid vehicle. The
idle stop ofthe fuel cell during driving of the vehicle is clearly
distinguished from the shut-down of the fuel cell system after
the vehicle operation is finished. Accordingly, it is necessary
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4

to distinguish a control process for the idle stop of the fuel cell
from a control process for the shut-down of the fuel cell
system.

In order to improve the fuel efficiency of the hybrid vehicle
including the fuel cell and the storage means, U.S. Patent
Publication No. 20030118876 is directed to a method in
which a relay switch, connected between a fuel cell and a
supercapacitor, is turned off to disconnect the output of the
fuel cell during low power operation or if the voltage of the
supercapacitor is above a predetermined level, and the relay
switch is turned on to connect the output of the fuel cell if an
output required by the vehicle is increased or if the voltage of
the supercapacitor is below a predetermined level. In this
technique, the relay switch of a main bus terminal for discon-
necting the output of the fuel cell is turned on and off to
achieve the idle stop/start, and thus a separate relay on/off
control is required. The above technique does not perform any
control other than connecting and disconnecting the output of
the fuel cell by turning on and off the relay switch. Further-
more, the relay switch is turned off during regenerative brak-
ing and is turned on, if the voltage is above a predetermined
level, in a state where the power generation of the fuel cell is
made. Accordingly, a portion of the amount of regenerative
braking is consumed in fuel cell balance-of-plant (BOP) com-
ponents to be used in the power generation of the fuel cell,
which is to prevent the voltage of the main bus terminal from
rising.

U.S. Pat. No. 6,484,075 is directed to a technique in which
the fuel cell power supply is cut off by determining an idle
state based on a wheel rotational speed, whether or not a brake
is operated, a state of charge (SOC), an electrical load, and the
like, and the fuel cell power supply is restarted if a power
storage unit is below a predetermined SOC. Here, the condi-
tions for entering the idle stop are considerably restrictive
(e.g., the idle stop is performed if the vehicle stopped, if the
load is below a predetermined value, if the brake is in an
operation state, and if the SOC is above a predetermined
value). Moreover, a separate device such as a DC/DC chopper
is required at the fuel cell for the idle stop, and the DC/DC
chopper is directly connected to the supercapacitor during
releasing the idle stop state after the DC/DC chopper is used
to limit the current. The DC/DC chopper is a buck converter,
which is restrictively used to limit the current when it is
directly connected to the supercapacitor after cutting off the
fuel cell current.

It is necessary to provide a method for suitably improving
the fuel efficiency of the fuel cell system by effectively con-
trolling the fuel cell by a more simplified control technique,
for example as distinguished from conventional techniques.

Accordingly, to the present invention preferably provides a
method for maximizing energy recovery during regenerative
braking, wherein the method comprises a more simplified
control technique, and is a method for effectively stopping the
operation of the fuel cell therefor.

The above information disclosed in this Background sec-
tion is only for enhancement of understanding of the back-
ground of the invention and therefore it may contain infor-
mation that does not form the prior art that is already known
in this country to a person of ordinary skill in the art.

SUMMARY OF THE DISCLOSURE

The present invention provides a method for suitably con-
trolling the output of a fuel cell in a fuel cell hybrid vehicle
including a fuel cell as a main power source and a storage
means (preferably a supercapacitor or a battery) as an auxil-
iary power source, which can improve fuel efficiency and the
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efficiency of a fuel cell system by effectively controlling the
output of the fuel cell according to the level of energy stored
in the storage means.

In preferred embodiments, the present invention provides a
method for suitably controlling output of a fuel cell in a fuel
cell-storage means hybrid vehicle, which can maximize the
amount of energy recovery during regenerative braking and
thus improve the fuel efficiency.

In one embodiment, the present invention provides a
method for controlling output of a fuel cell in a fuel cell
hybrid vehicle preferably including a fuel cell as a suitable
main power source and a storage means as a suitable auxiliary
power source, the vehicle preferably comprising a power
converter disposed between the fuel cell and the storage
means and provided for a constant current operation of the
fuel cell and, preferably, a directly connected switch for
directly connecting/disconnecting between the fuel cell and
the storage means, the method comprising controlling the
output of the fuel cell according to the amount of electrical
energy of the storage means, preferably by a mode selected
from the group consisting of a fuel cell stop mode in which
power generation of the fuel cell is suitably stopped, a fuel
cell constant current mode in which the power converter is
operated so that the fuel cell is operated at a constant power at
a maximum efficiency point, and a fuel cell-storage means
direct connection mode in which the fuel cell and the storage
means are suitably directly connected by the directly con-
nected switch and then the output of the fuel cell is controlled
according to a load required by the vehicle.

In a preferred embodiment, if the amount of electrical
energy of the storage means is below a suitable reference
value for restarting the power generation of the fuel cell and if
the elapsed time after the fuel cell stop suitably exceeds a
predetermined minimum retention time in the fuel cell stop
mode, the fuel cell stop mode is preferably switched to the
fuel cell constant current mode in a state where the directly
connected switch is turned off.

In another preferred embodiment, in the fuel cell constant
current mode, fuel cell balance-of-plant components are pref-
erably controlled to be operated at a suitably constant power
in a state where the power converter is preferably controlled
to apply a voltage corresponding to the maximum efficiency
point to an output side of the fuel cell such that the fuel cell is
operated at a constant power in which an output current of the
fuel cell is maintained at a suitably constant level.

In still another preferred embodiment, the power converter
is preferably a buck-boost converter, and a converter control-
ler controls the operation of the buck-boost converter to apply
a voltage corresponding to the maximum efficiency point by
sensing a voltage of an output terminal of the buck-boost
converter, preferably through a voltage sensor.

In yet another preferred embodiment, if the amount of
electrical energy of the storage means is suitably below a
reference value for starting the fuel cell-storage means direct
connection mode in the fuel cell constant current mode, the
fuel cell and the storage means are preferably directly con-
nected by the directly connected switch and the operation of
the power converter is suitably stopped such that the fuel cell
constant current mode is switched to the fuel cell-storage
means direct connection mode.

In still yet another preferred embodiment, air is super-
charged to a fuel cell stack for a predetermined period of time
before the fuel cell and the storage means are suitably directly
connected by the directly connected switch.

In a further preferred embodiment, the amount of electrical
energy of the storage means is a storage means voltage pref-
erably measured by a voltage sensor of a main bus terminal.
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In another further preferred embodiment, the method for
controlling output of a fuel cell in a fuel cell hybrid vehicle
preferably comprises: determining whether regenerative
braking is performed; determining whether to enter the fuel
cell stop mode by comparing the amount of electrical energy
of' the storage means with reference values suitably predeter-
mined according to whether the regenerative braking is per-
formed; and stopping the power generation of the fuel cell if
the amount of electrical energy of the storage means is greater
than the corresponding reference value.

In still another further preferred embodiment, the reference
value during regenerative braking is set to be suitably lower
than the reference value in the case where the regenerative
braking is not performed so that the fuel cell stop mode is
preferably performed in a state where the amount of electrical
energy of the storage means is suitably lower than that in the
case where the regenerative braking is not performed.

In yet another further preferred embodiment, the method
for controlling output of a fuel cell in a fuel cell hybrid vehicle
further comprises: switching the fuel cell-storage means
direct connection mode to the fuel cell constant current mode,
if the amount of electrical energy of the storage means is
above a suitably predetermined level in the fuel cell-storage
means direct connection mode in a state where the directly
connected switch is turned on; determining whether the
regenerative braking is performed in the fuel cell constant
current mode; determining whether to enter the fuel cell stop
mode; and stopping the power generation of the fuel cell.

It is understood that the term “vehicle” or “vehicular” or
other similar term as used herein is inclusive of motor
vehicles in general such as passenger automobiles including
sports utility vehicles (SUV), buses, trucks, various commer-
cial vehicles, watercraft including a variety of boats and
ships, aircraft, and the like, and includes hybrid vehicles,
electric vehicles, plug-in hybrid electric vehicles, hydrogen-
powered vehicles and other alternative fuel vehicles (e.g.
fuels derived from resources other than petroleum).

As referred to herein, a hybrid vehicle is a vehicle that has
two or more sources of power, for example both gasoline-
powered and electric-powered.

The above features and advantages of the present invention
will be apparent from or are set forth in more detail in the
accompanying drawings, which are incorporated in and form
a part of this specification, and the following Detailed
Description, which together serve to explain by way of
example the principles of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features of the present invention will
now be described in detail with reference to certain exem-
plary embodiments thereof illustrated the accompanying
drawings which are given hereinbelow by way of illustration
only, and thus are not limitative of the present invention, and
wherein:

FIG. 1is a diagram showing an exemplary configuration of
a fuel cell system;

FIG. 2 is a block diagram showing an exemplary power
system of a fuel cell-supercapacitor hybrid vehicle according
to the present invention,;

FIG. 3 is adiagram showing a maximum efficiency point of
the fuel cell system;

FIG. 4 is a flowchart showing a method for controlling
output of a fuel cell in accordance with a preferred embodi-
ment of the present invention, in which a mode switching
process of the fuel cell during vehicle acceleration is shown;
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FIG. 5 is a diagram showing an operation region of the fuel
cell in a mode switching process during vehicle acceleration
in accordance with preferred embodiments of the present
invention;

FIG. 6 is a diagram showing an example of an algorithm for
determining an operation region of the fuel cell;

FIG. 7 is a diagram showing results obtained by applying
the present invention to a vehicle;

FIGS. 8 and 9 are analysis results showing that the effi-
ciency of a fuel cell system is improved and energy use
distribution is improved when the present invention is
applied;

FIG. 10 is a flowchart showing a method for controlling
output of a fuel cell in accordance with another preferred
embodiment of the present invention, in which a mode
switching process of the fuel cell during vehicle deceleration
is shown;

FIG. 11 is a diagram showing an operation region of the
fuel cell in a mode switching process during vehicle decel-
eration in accordance with the present invention;

FIG. 12 is a diagram showing another example of an algo-
rithm for determining an operation region of the fuel cell; and

FIG. 13 is analysis results showing that fuel efficiency is
improved when the present invention is applied, compared
with a conventional fuel cell-supercapacitor system.

Reference numerals set forth in the Drawings includes
reference to the following elements as further discussed
below:

110: fuel cell system

120: power conversion unit
122: converter controller

125: directly connected switch
141: inverter

111: fuel cell system controller

121: buck-boost converter

123: power distribution controller
131: supercapacitor (storage means)
142: drive motor

It should be understood that the appended drawings are not
necessarily to scale, presenting a somewhat simplified repre-
sentation of various preferred features illustrative of the basic
principles of the invention. The specific design features of the
present invention as disclosed herein, including, for example,
specific dimensions, orientations, locations, and shapes will
be determined in part by the particular intended application
and use environment.

In the figures, reference numbers refer to the same or
equivalent parts of the present invention throughout the sev-
eral figures of the drawing.

DETAILED DESCRIPTION

In one aspect, the invention features a method for control-
ling output of a fuel cell in a fuel cell hybrid vehicle including
a fuel cell as a main power source and a storage means as an
auxiliary power source, the method comprising controlling
the output of the fuel cell according to the amount of electrical
energy of the storage means by a mode selected from the
group consisting of a fuel cell stop mode, a fuel cell constant
current mode, and a fuel cell-storage means direct connection
mode and then the output of the fuel cell is controlled.

In one embodiment of the method, the vehicle comprises a
power converter disposed between the fuel cell and the stor-
age means and provides for a constant current operation of the
fuel cell and a directly connected switch for directly connect-
ing/disconnecting between the fuel cell and the storage
means. In another embodiment of the method, the fuel cell
stop mode power generation of the fuel cell is stopped.
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In another further embodiment, in the constant current
mode the power converter is operated so that the fuel cell is
operated at a constant power at a maximum efficiency point.

In still another embodiment, the fuel cell-storage means
direct connection mode the fuel cell and the storage means are
directly connected by a directly connected switch.

In one embodiment, the output of the fuel cell is further
controlled according to a load required by the vehicle.

In arelated embodiment, the amount of electrical energy of
the storage means is below a reference value for restarting the
power generation of the fuel cell and if the elapsed time after
the fuel cell stop exceeds a predetermined minimum retention
time in the fuel cell stop mode, the fuel cell stop mode is
switched to the fuel cell constant current mode in a state
where the directly connected switch is turned off.

Hereinafter reference will now be made in detail to various
embodiments of the present invention, examples of which are
illustrated in the accompanying drawings and described
below. While the invention will be described in conjunction
with exemplary embodiments, it will be understood that the
present description is not intended to limit the invention to
those exemplary embodiments. On the contrary, the invention
is intended to cover not only the exemplary embodiments, but
also various alternatives, modifications, equivalents and other
embodiments, which may be included within the spirit and
scope of the invention as defined by the appended claims.

The present invention preferably provides a method for
controlling output of a fuel cell to improve fuel efficiency in
a fuel cell hybrid vehicle including a fuel cell as a main power
source and a storage means (supercapacitor or battery) as an
auxiliary power source, which can suitably improve the fuel
efficiency and the efficiency of a fuel cell system by effec-
tively controlling the output of the fuel cell, preferably
according to the level of energy stored in the storage means.

As preferably described above, although the fuel cell-stor-
age means (e.g., supercapacitor) hybrid system that does not
employ a power converter has certain advantages such as high
fuel efficiency (high regenerative braking, high efficiency of
supercapacitor), an increase in durability of the fuel cell, high
reliability control (automatic power assist, automatic regen-
erative braking function), and the like, there is a limitation in
the regenerative braking since the supercapacitor is automati-
cally charged by the fuel cell. For example, when the super-
capacitor, which is a storage means, is automatically charged
by the fuel cell, the amount of electrical energy charged in the
supercapacitor is increased, and thus the amount of electrical
energy charged by the regenerative braking is reduced. Such
a problem can be addressed by stopping the operation of the
fuel cell during low power operation and during regenerative
braking. Accordingly, it is possible to increase the amount of
regenerative braking and improve the fuel efficiency by suit-
ably stopping the power generation of the fuel cell during
regenerative braking.

in preferred embodiments of the present invention, the
output of the fuel cell is effectively controlled according to the
level of energy stored in the storage means, which is prefer-
ably the auxiliary power source, (hereinafter, the level of
energy will be a main bus terminal voltage and a supercapaci-
tor voltage corresponding to the amount of electrical energy
of the storage means), in which the fuel cell is basically
operated at a constant power at a maximum efficiency point,
the fuel cell and the storage means are directly connected
when the output and energy of the storage means are insuffi-
cient, and the power generation of the fuel cell is stopped
when the level of energy of the storage means is increased
during stopping or during low power operation so that the fuel
cell is intensively operated at the maximum efficiency point,
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thus improving the fuel efficiency of the fuel cell and the
efficiency of the fuel cell system.

Accordingly, the present invention preferably provides a
directly connected switch for selectively connecting/discon-
necting between the power converter having a minimum
capacity that satisfies the current output at a maximum effi-
ciency point of the fuel cell, the fuel cell, and the superca-
pacitor, thus providing 3-step control modes preferably
including a fuel cell stop (idle stop) mode, a fuel cell constant
current mode, and a fuel cell-supercapacitor direct connec-
tion mode.

In order to improve the fuel efficiency in the fuel cell hybrid
vehicle, it is necessary to improve the efficiency of the respec-
tive components; additionally, it is important to develop an
optimal technique for driving the vehicle. Important factors
for improving the fuel efficiency include, but are not limited
to, a suitable reduction in the operation of fuel cell balance-
of-plant (BOP) components, an increase in the amount of
regenerative braking, and an increase in the use of hydrogen,
which can be suitably achieved by stopping the power gen-
eration of the fuel cell during low power operation and during
regenerative braking. The output of the fuel cell BOP com-
ponents such as an air blower, a hydrogen recirculation
blower, a water pump, etc., is greater than that required for
driving the system during low power operation, and thus the
efficiency of the fuel cell system is deteriorated. Accordingly,
in preferred embodiments, the present invention employs a
method for controlling, preferably directly controlling, the
output of the fuel cell in order to avoid the use of the fuel cell
during low power operation where the efficiency is low, and
suitably improve the efficiency of the fuel cell system. As a
result, it is possible to suitably improve the efficiency of the
fuel cell system and prevent the storage means from being
automatically charged during regenerative braking, whichis a
drawback of the fuel cell-storage means hybrid vehicle sys-
tem, thus preventing a suitable reduction in the amount of
regenerative braking due to an increase in the voltage of the
storage means.

Described herein is the present invention taking an
example of the fuel cell-supercapacitor hybrid vehicle. How-
ever, it will be readily understood by those skilled in the art
that the supercapacitor may be substituted by a suitable high
voltage battery, which is another auxiliary power source. It is
well known in the art that the supercapacitor and the battery
are suitable storage means capable of being charged and
discharged and used as the auxiliary power sources of the fuel
cell hybrid vehicle.

FIG. 2 is an exemplary block diagram showing a power
system of a fuel cell-supercapacitor hybrid vehicle to which
the present invention is preferably applied. As shown in the
figure, the fuel cell-supercapacitor hybrid vehicle preferably
comprises a fuel cell system 110 including a fuel cell (stack),
which is a main power source, and fuel cell BOP components,
a fuel cell system controller 111 for controlling the operation
of'the fuel cell system 110 including the BOP components, a
power conversion unit 120, a supercapacitor 131, which is an
auxiliary power source, and an inverter 141 for driving a
motor. Moreover, in further embodiments, a voltage sensor
132 and a current sensor 133 are provided in a main bus
terminal to which the supercapacitor 131 is connected.

According to other preferred embodiments, the power con-
version unit 120 preferably includes a power converter 121
suitably disposed between the fuel cell 110 (of the fuel cell
system in FIG. 2) and the supercapacitor 131 and serving as a
load for a constant current operation of the fuel cell such that
a constant current is output from the fuel cell 110, a directly
connected switch 125 suitably disposed between the fuel cell
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110 and the supercapacitor 131 and selectively connecting
and disconnecting between the fuel cell 110 and the superca-
pacitor 131, a converter controller 122 for suitably sensing a
voltage of an output terminal of the power converter 121
through a voltage sensor 124 and controlling the operation of
the power converter 121, and a power distribution controller
123 as a superior controller for selecting the operation mode
of the fuel cell 110 and controlling the operation of the con-
verter controller 122 and the directly connected switch 125.
Preferably, in the present invention, the selection and control
of the operation mode of the fuel cell 110 are executed by
cooperative control between the power distribution controller
123, the fuel cell system controller 111, and the converter
controller 122.

According to embodiments of the invention described
herein, the power converter 121 is a device which preferably
serves as a load so that a constant current is output from the
fuel cell 110 during operation and is connected to the main
bus terminal to be suitably positioned between the fuel cell
110 and the supercapacitor 131.

In embodiments of the present invention, the power con-
verter 121 may preferably be a buck-boost converter capable
of decreasing and increasing the input voltage under the con-
trol of the converter controller 122. The buck-boost converter
121 suitably maintains the voltage of the output terminal of
the power converter 121 at a constant level under the control
of the converter controller 122 so that the voltage applied to
the output side of the fuel cell 110 is maintained at a constant
level, thus fixing the output current of the fuel cell 110 to a
certain value i.e., allowing the constant current operation of
the fuel cell 110.

As is generally known in the art, in the fuel cell system 110,
the operation of the system components such as the fuel cell
BOP components are suitably controlled so as to output a
current corresponding to the amount of load applied to the
output side of the fuel cell stack. That is, the fuel cell system
110 is controlled to output a current corresponding to the
amount of current drawn by the load at the output side of the
fuel cell system 110.

Accordingly, in further embodiments, if the amount of load
of'the output side of the fuel cell system 110 is set to a certain
level by the operation of the buck-boost converter 121, the
system components such as the fuel cell BOP components are
preferably operated in the constant current mode so as to
output a constant current corresponding to the level. As a
result, if the amount of load is fixed by controlling the opera-
tion of the buck-boost converter 121, the output current value
of'the fuel cell 110 is fixed to a desired operation point, thus
achieving a suitable constant power operation.

In further preferred embodiments, during the constant cur-
rent mode of the fuel cell 110, a one-point operation at a
maximum efficiency point of the fuel cell 110, i.e., the con-
stant current operation is preferably performed by the opera-
tion of the buck-boost converter 121 so that a constant current
value at a maximum efficiency point is suitably output from
the fuel cell regardless of a change in the voltage of the
supercapacitor 131.

Accordingly, the fuel cell is operated in the constant cur-
rent mode at a maximum efficiency, in which the buck-boost
converter 121 is controlled to apply a voltage corresponding
to the maximum efficiency point to the output side of the fuel
cell, thus maintaining the output current of the fuel cell at a
constant level. For example, as shown in FIG. 3, if a value
corresponding to the load of the fuel cell showing the maxi-
mum efficiency is, for example, between 8-12 A (ampere),
preferably 10 A (ampere), the buck-boost converter 121 (op-
erating as a load) is suitably driven so that the current of 10 A
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is output from the fuel cell, thus fixing the output of the fuel
cellto 10 A. For the constant current operation of the fuel cell,
with the operation of the buck-boost converter 121 which
fixes the amount of load, the fuel cell BOP components are
preferably controlled to be operated at a constant power by
the fuel cell system controller 111 so that the output of the fuel
cell is maintained constant.

In other further embodiments, the buck-boost converter
121 may have a suitable minimum capacity that satisfies the
current output at a maximum efficiency point of the fuel cell.
Since the fuel cell 110 and the supercapacitor 131 are suitably
directly connected, preferably using the directly connected
switch 125, if necessary, it is possible to employ a buck-boost
converter having a capacity lower than that of existing con-
verters.

In the exemplary power system configuration of FIG. 2, the
directly connected switch 125 may be, but is not limited to, a
relay or an IGBT device. In certain embodiments, since the
fuel cell 110 and the supercapacitor 131 are selectively con-
nected or disconnected by the directly connected switch 125,
the degree of freedom of'the fuel cell output control is suitably
increased, compared with existing fuel cell-supercapacitor
systems, thus improving the fuel efficiency and providing an
advantageous structure in terms of the protection of the fuel
cell.

FIG. 4 is a flowchart showing an exemplary method for
controlling output of a fuel cell in accordance with preferred
embodiments of the present invention, in which a mode
switching process of the fuel cell during vehicle acceleration
is shown, FIG. 5 is a diagram showing an operation region of
the fuel cell in the mode switching process during vehicle
acceleration in accordance with preferred embodiments of
the present invention, and FIG. 6 is a diagram showing an
example of an algorithm for determining an operation region
of the fuel cell according to preferred embodiments of the
invention as described herein.

In FIGS. 4 t0 6, V5 preferably represents a supercapacitor
voltage (suitably corresponding to a main bus terminal volt-
age and the amount of electrical energy charged in the super-
capacitor), Iy . preferably represents a fuel cell constant
current value in the constant current mode, and Vzc s70p
preferably represents a reference voltage for stopping the
power generation of the fuel cell. OCV preferably represents
an open circuit voltage of the fuel cell, Ve g7z preferably
represents a reference voltage for restarting the power gen-
eration of the fuel cell, Ve srop eqen preferably represents
a reference voltage for stopping the power generation of the
fuel cell during regenerative braking, Ve oz preferably
represents a reference voltage for releasing the fuel cell-
supercapacitor direct connection, and Vo g7z y preferably
represents a reference voltage for starting the fuel cell-super-
capacitor direct connection. Tx...,, i o preferably repre-
sents a minimum retention time of the fuel cell stop, and
Tpe potay preferably represents a fuel cell-supercapacitor
direct connection waiting time.

Next, the method for controlling the output of the fuel cell
in accordance with preferred embodiments of the present
invention will be described taking as an example a mode
switching control, which is suitably performed in the fuel cell
stop mode, the fuel cell constant current mode, and the fuel
cell-supercapacitor direct connection mode, preferably
according to the amount of vehicle load and the amount of
electrical energy stored in the supercapacitor (corresponding
to the main bus terminal voltage).

In one embodiments, in the fuel cell stop mode, the power
distribution controller 123 cuts off the connection between
the fuel cell 110 and the supercapacitor 131 by suitably turn-
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ing off the directly connected switch 125, stops the operation
of the buck-boost converter (power converter) 121 through
the converter controller 122, and stops the operation of the
fuel cell BOP components through the fuel cell system con-
troller 111, thus nearly completely to completely stopping the
power generation of the fuel cell (S11).

Then, in further embodiments, in a state where the power
generation of the fuel cell is stopped, the power distribution
controller 123 suitably compares the amount of electrical
energy stored in the supercapacitor 131, i.e., a supercapacitor
voltage Vg (preferably a main bus terminal voltage in the
example of FIG. 2) measured by the voltage sensor 132 of the
main bus terminal, with a suitably predetermined reference
voltage V. 7z for restarting the power generation of the
fuel cell (S12). If the supercapacitor voltage Vs is reduced
below the preferred reference voltage Vie scryry (Vpe<
Viee srarr) and if the elapsed time after the fuel cell stop (a
stop mode retention time) exceeds a predetermined minimum
retention time of the fuel cell stop Tg,,.,, s op the fuel cell
constant current mode is suitably prepared. Here, the reason
that the stop mode retention time is provided is to prevent the
fuel cell from being frequently turned on (starting the power
generation) and off (stopping the power generation).

In other preferred embodiments, for the constant current
operation of the fuel cell, the fuel cell system controller 111
starts to operate the fuel cell BOP components such as, butnot
limited to, the air blower, the hydrogen recirculation blower,
the water pump, etc. so as to perform a constant current
control required for the constant current operation of the fuel
cell (S13). The power distribution controller 123 operates the
buck-boost converter 121 through the converter controller
122 in a state where the direct connected switch 125 is turned
off, thus starting the constant current operation of the fuel cell
(S14 and S15).

In further embodiments, the power distribution controller
123 prepares to enter the fuel cell-supercapacitor direct con-
nection mode by determining that the supercapacitor voltage
(Vse) is reduced below a predetermined reference voltage
Ve starr for starting the fuel cell-supercapacitor direct
connection.

According to other preferred embodiments, since excess
current may flow if the fuel cell 110 and the supercapacitor
131 are preferably directly connected in a state where there is
a voltage difference between the fuel cell 110 and the super-
capacitor 131, air is suitably supercharged in advance to the
fuel cell stack for a predetermined period of time, thus pre-
paring the current flow (S16 and S17). Then, in further
embodiments, if a supercharge retention time exceeds a pre-
determined waiting time Tp¢ 1., the directly connected
switch 125 is turned on to directly connect the fuel cell 110
and the supercapacitor 131, and the operation of the buck-
boost converter 121 is stopped (S18 and S19). Preferably,
during supercharging, the operation of the air blower is suit-
ably controlled by the fuel cell system controller 111 so as to
supercharge a predetermined amount of air.

In other further embodiments, the fuel cell system control-
ler 111 controls the operation of the fuel cell BOP compo-
nents such as, but not limited to, the air blower, the hydrogen
recirculation blower, the water pump, etc. in accordance with
the amount of load required by the vehicle (a load following
operation) in a state where the operation of the buck-boost
converter 121 is stopped and the direct connected switch 125
is turned on (S20), thus entering the fuel cell-supercapacitor
direct connection mode.

Thus, according to embodiments of the invention as
described herein, the present invention performs the 3-step
control modes, preferably including the fuel cell stop mode,
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the fuel cell constant current mode, and the fuel cell-super-
capacitor direct connection mode according to the level of
energy stored in the storage means (supercapacitor), thus
effectively operating the fuel cell hybrid system through the
3-step control modes of the fuel cell output.

According to preferred embodiments of the invention, the
fuel cell 110 is preferably operated in the constant current
mode at a maximum efficiency point using the power con-
verter (buck-boost converter) 121, the fuel cell 110 and the
storage means 131 are directly connected by turning off the
power converter 121 and turning on the directly connected
switch 125 if the output and energy of the storage means are
insufficient as the voltage of the storage means 131 is suitably
reduced below a predetermined level or as the output required
by the vehicle is above a suitably predetermined level, and the
power generation of the fuel cell is stopped if the voltage of
the storage means 131 is suitably increased above a predeter-
mined level during stopping or during low power operation,
preferably such that the fuel cell is operated at the maximum
efficiency point, and in further embodiments, thus improving
the fuel efficiency of the fuel cell and the efficiency of the fuel
cell system.

As described in the present invention, the fuel cell and the
storage means are preferably directly connected, if necessary,
to suitably perform the load following operation, in which the
output of the fuel cell is controlled to follow the load required
by the vehicle, and the constant current operation, in which
the fuel cell is preferably operated at a maximum efficiency
point, is performed during a selected period to increase the
efficiency of the fuel cell during high power operation, thus
improving the fuel efficiency and the efficiency of the fuel cell
system. In further preferred embodiments, it is possible to
suitably maximize the improvement in fuel efficiency by
stopping, or preferably completely stopping, the power gen-
eration of the fuel cell when the output of the fuel cell is not
necessary. In further embodiments, it is possible to improve
the durability of the fuel cell by suitably reducing the OCYV,
and the current limit control of the fuel cell is facilitated in the
event of an emergency, thus providing an advantageous effect
in terms of the protection of the fuel cell.

In one exemplary embodiment, the present inventor per-
formed a driving test using the Urban Dynamometer Driving
Schedule (UDDS) by suitably applying the present invention
directly to an actual vehicle, and the results are shown in FIG.
7. As shown in the figure, the fuel cell was preferably operated
in three modes including the fuel cell stop mode, the fuel cell
constant current mode, and the load following operation
mode after the direct connection, although it is understaood
that the invention is not limited only to these modes described
herein. Accordingly, when the supercapacitor voltage V-
was increased above a suitable predetermined reference volt-
age Ve orr Vsc®Vpe orr) inthe direct connection mode
(FCop=1, FC,~=1) in which the load following operation
was preferably performed, the fuel cell entered the fuel cell
stop mode in which the fuel cell was turned off and, when the
supercapacitor voltage Vg was suitably reduced below the
predetermined reference voltage Vie srurr (V<
Ve szury) inthe fuel cell stop mode, the fuel cell was turned
on and preferably operated in the constant current mode
(FCoa=1, FC=0).

In further preferred embodiments, when the supercapacitor
voltage V. was reduced below the preferred predetermined
reference voltage Vo srurr Vso<Vpe srarp) during rep-
etition of the constant current mode and the fuel cell stop
mode, the directly connected switch was turned on and the
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fuel cell reentered the direct connection mode (FC,,~1,
FC,=1) in which the load following operation was per-
formed.

Preferably, in the fuel cell stop mode, the fuel cell voltage
Ve was maintained at OCV as the operation of the BOP
components was stopped (at this time, the fuel cell current
1--=0) and, in the constant current mode, the constant current
output of the fuel cell was achieved by controlling the buck-
boost converter.

In FIG. 7, “FC,,~1" represents a suitable fuel cell power
generation state (on state), “FC,,~=0" represents a fuel cell
stop state (off state), “FC,.~1" represents a suitable fuel
cell-supercapacitor direct connection state, and “FC,~0"
represents a state where the fuel cell-supercapacitor direct
connection is released. I, Iz, and I represent a suitable
inverter current, a fuel cell current, and a supercapacitor cur-
rent, respectively.

FIGS. 8 and 9 are analysis results showing that the effi-
ciency of a fuel cell system is suitably improved and energy
use distribution is suitably improved when the present inven-
tion is applied, in which (a) shows a state before the improve-
ment and (b) shows a state after the improvement. In the
figures, the energy use distribution during the UDDS cycle is
shown. Referring to the figures, it can be seen that the fuel cell
operation points are concentrated at the maximum efficiency
point (refer to dotted lines in FIG. 8). Moreover, since the fuel
cell BOP components can be operated in accordance with the
fuel cell operation in the constant current mode, the efficiency
of the fuel cell system can be further improved. In preferred
embodiments, it can been seen that the above-described
effects of the present invention are remarkable if the average
output required by the vehicle is in the vicinity of the maxi-
mum efficiency point of the fuel cell in the driving mode like
the UDDS mode.

According to the present invention, for examplea 5, 6, 7, 8,
9, or more, preferably a nearly 7% improvement in fuel effi-
ciency was obtained regardless of an energy loss by the power
converter (DCDClossEnergy), and such an improvement in
fuel efficiency suitably results from a reduction in energy
consumption by the fuel cell BOP components (HVBoPEn-
ergy) (referto dotted lines in FIG. 9). In FI1G. 9, “Fuel Cell Net
Power” represents an exemplary output obtained by subtract-
ing an output, required in the fuel cell BOP components, from
an output of the fuel cell, and denotes an output applied from
the fuel cell to the vehicle load according to certain embodi-
ments of the invention as described herein.

In further embodiments, the present invention provides a
method for controlling output of a fuel cell in a fuel cell
hybrid vehicle, which can maximize the amount of energy
recovery during regenerative braking and thus improve fuel
efficiency.

According to the present invention, the power generation
of'the fuel cell is preferably stopped according to the level of
energy of the storage means, which is the auxiliary power
source, (hereinafter, the main bus terminal voltage and the
supercapacitor voltage corresponding to the amount of elec-
trical energy of the storage means), in which the conditions
for the fuel cell stop are suitably differentiated according to
whether the regenerative braking is performed such that, if it
is determined that the regenerative braking is suitably per-
formed, the power generation of the fuel cell is stopped in
advance to recover sufficient regenerative braking energy,
even, in certain embodiments, if the level of energy of the
storage means is low, thus suitably maximizing the amount of
regenerative braking and improving the fuel efficiency.

FIG. 10 is a flowchart showing an exemplary method for
controlling output of a fuel cell in accordance with another



US 8,486,571 B2

15

preferred embodiment of the present invention, in which a
mode switching process of the fuel cell during vehicle decel-
eration is shown, FIG. 11 is a diagram showing an operation
region of the fuel cell in a mode switching process during
vehicle deceleration in accordance with preferred embodi-
ments of the present invention, and FIG. 12 is a diagram
showing another example of an algorithm for determining an
operation region of the fuel cell. As described herein, the
present invention, in preferred embodiments, aims at maxi-
mizing the amount of energy recovery during regenerative
braking, the features of the regenerative braking in accor-
dance with the present invention will be described taking an
example of a mode switching control, which is performed in
a direct connection mode during vehicle deceleration, a fuel
cell constant current mode, and a fuel cell stop mode.

In FIGS. 10 to 12, V. represents a supercapacitor voltage
(corresponding to a main bus terminal voltage and the amount
of electrical energy charged in the supercapacitor), Iz camp
represents a suitable fuel cell constant current value in the
constant current mode, and V. s;0p represents a suitable
reference voltage for stopping the power generation of the
fuel cell. OCV represents a suitable open circuit voltage of the
fuel cell, Vg s7zrrepresents a suitable reference voltage
for restarting the power generation of the fuel cell,
Vec_stop_regen TEPresents a suitable reference voltage for
stopping the power generation of the fuel cell during regen-
erative braking, V5 o7 represents a suitable reference volt-
age for releasing the fuel cell and the supercapacitor direct
connection, and V. s74r7 represents a suitable reference
voltage for starting the fuel cell-supercapacitor direct connec-
tion.

According to preferred embodiments of the invention as
described herein, the fuel cell-supercapacitor direct connec-
tion mode (S31) is a hybrid mode, in which the vehicle is
driven by the power of the fuel cell 110 and the supercapacitor
131 at the same time and a drive motor 142 is operated by
electrical energy of the fuel cell 110 and the supercapacitor
131. Preferably, the fuel cell 110 and the supercapacitor 131
are directly connected in a state where the directly connected
switch 125 is preferably turned on, and the load following
operation in which the operation of the fuel cell BOP com-
ponents such as, but not only limited to, the air blower, the
hydrogen recirculation blower, the water pump, etc. is con-
trolled in preferred accordance with the amount of load
required by the vehicle is suitably performed.

Referring to FIG. 10, while the vehicle is preferably driven
in the fuel cell-supercapacitor direct connection mode, if the
amount of electrical energy charged in the supercapacitor 131
during vehicle deceleration is suitably above a predetermined
level (S32), i.e., if the supercapacitor voltage V. (corre-
sponding to the main bus terminal voltage) is above a prede-
termined level Vo orr Vs>V pe oFr), the direct connec-
tion mode is released and the fuel cell constant current mode
is prepared. Accordingly, the power distribution controller
123 preferably turns off the directly connected switch 125
(S33) to release the direct connection between the fuel cell
110 and the supercapacitor 131, and the buck-boost converter
121 (power converter) is operated under the control of the
converter controller 122 to start the fuel cell constant current
mode (S34). According to further preferred embodiments, the
fuel cell system controller 111 performs a constant current
control required for the constant current operation of the fuel
cell for the fuel cell BOP components (S35).

According to further embodiments, if the supercapacitor
voltage (corresponding to the main bus terminal voltage) is
increased above a predetermined level during the fuel cell
constant current mode (S36), the fuel cell stop mode is pref-
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erably performed. Accordingly, the power distribution con-
troller 123 which suitably receives a braking signal deter-
mines whether the regenerative braking is performed (S37)
and, if it is not the regenerative braking, it is determined
whether the supercapacitor voltage Vs is higher than a ref-
erence voltage V. s7op for stopping the power generation
of the fuel cell (Vi>Vpe srop). Accordingly, in further
embodiments, a control for entering the fuel cell stop mode is
suitably performed. Preferably, the converter controller 122
suitably stops the buck-boost converter 121 (S40), and the
fuel cell system controller 111 suitably stops the operation of
the fuel cell BOP components, thus stopping the power gen-
eration of the fuel cell (S41 and S42).

In other embodiments, if the power distribution controller
123 has suitably determined that the regenerative braking is
performed, the power generation of the fuel cell is stopped in
advance to recover sufficient regenerative braking energy,
even if the supercapacitor voltage V. is lower than the ref-
erence voltage V. ¢rop for stopping the power generation
of'the fuel cell. Preferably, in certain embodiments, the super-
capacitor voltage V. is compared with a suitable reference
voltage Ve srop._ regen 10T stopping the power generation of
the fuel cell during regenerative braking, which is set to be
suitably lower than the reference voltage Ve srop (S38)
and, if the supercapacitor voltage V. is suitably higher than
the reference voltage Vee s70p rogen 10T stopping the power
generation of the fuel cell during regenerative braking, the
control for entering the fuel cell stop mode is immediately
performed (S40 to S42).

According to embodiments of the invention as described
herein, in the fuel cell hybrid vehicle in which the 3-step
control modes including the fuel cell stop mode, the fuel cell
constant current mode, and the fuel cell-supercapacitor direct
connection mode are preferably performed, it is determined
whether the regenerative braking is performed in the above
manner, and a criterion for stopping the power generation of
the fuel cell is changed according to the determination results
such that the power generation of the fuel cell is stopped
according to the changed criterion. In preferred embodi-
ments, during regenerative braking, the fuel cell stop mode is
performed in advance by applying a relatively low criterion
even if the supercapacitor voltage (corresponding to the volt-
age of the auxiliary power source) is low, thus suitably
increasing the amount of regenerative braking.

Accordingly, the criterion for stopping the power genera-
tion of the fuel cell is suitably changed so as to suitably
prevent limitations in the energy recovery. According to pre-
ferred embodiments, in the fuel cell hybrid vehicle, the lower
the supercapacitor voltage during regenerative braking is, the
more the amount of regenerative braking is suitably increased
and, if the voltage increase by the automatic charge from the
fuel cell to the supercapacitor is prevented, the amount of
regenerative braking is increased. As a result, in embodiments
of the present invention, the criterion value for stopping the
power generation of the fuel cell differentiated according to
whether the regenerative braking is performed is applied such
that the power generation of the fuel cell is stopped in advance
at lower supercapacitor voltages during regenerative braking,
thus suitably maximizing the amount of regenerative braking
and improving the fuel efficiency. Moreover, according to
further embodiments, it is possible to protect the high voltage
parts by preventing the voltage of the main bus terminal from
rising.

Referring to FIG. 12, in preferred embodiments, the opera-
tion mode is preferably selected according to the level of
energy of the supercapacitor (preferably corresponding to the
main bus terminal voltage); however, the conditions for enter-
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ing the fuel cell stop mode are suitably differentiated accord-
ing to whether the regenerative braking is performed, thus
increasing the stop region of the fuel cell power generation.
According to further embodiments, since the power genera-
tion of the fuel cell is stopped, for example preferably sud-
denly stopped, during regenerative braking, it is possible to
prevent the supercapacitor from being automatically charged
by the fuel cell, thus ensuring suitably sufficient energy buffer
region capable of performing the regenerative braking.

FIG. 13 is analysis results showing that the fuel efficiency
is suitably improved when the present invention is applied,
compared with the conventional fuel cell-supercapacitor sys-
tem. It can be seen that, according to preferred embodiments
of the invention as described herein, the fuel efficiency is
improved due to a reduction in the energy consumed by the
fuel cell BOP components (HVBoPEnergy) and an increased
in the amount of regenerative braking, even though there is an
energy loss by the power converter (DCDClossEnergy).

As described above, in the preferred method for controlling
the output of the fuel cell in accordance with the preferred
embodiments of the present invention, the fuel cell is suitably
operated at a constant power at a suitable maximum efficiency
point, the fuel cell and the storage means are preferably
directly connected if the output and energy of the storage
means are suitably insufficient, and the power generation of
the fuel cell is stopped if the level of energy of the storage
means is increased during stopping or during low power
operation such that the fuel cell is intensively operated at the
maximum efficiency point, thus suitably improving the fuel
efficiency of the fuel cell and the efficiency of the fuel cell
system.

In further embodiments, the fuel cell and the storage means
are preferably directly connected, if necessary, to perform a
load following operation, in which the output of the fuel cell
is suitably controlled to follow the load required by the
vehicle, and the constant current operation, in which the fuel
cell is preferably operated at a maximum efficiency point, is
performed during a selected period to improve the efficiency
of the fuel cell during high power operation, thus suitably
improving the fuel efficiency and the efficiency of the fuel cell
system.

It is possible in further embodiments, therefore, to maxi-
mize the improvement in fuel efficiency by stopping, for
example completely stopping, the power generation of the
fuel cell when the output of the fuel cell is not necessary.

In other certain embodiments, it is possible to improve the
durability of the fuel cell by preferably reducing the OCV, and
the current limit control of the fuel cell is suitably facilitated
in the event of an emergency, thus, for example, providing an
advantageous effect in terms of the protection of the fuel cell.

In further embodiments, according to the preferred method
for controlling the output of the fuel cell in the fuel cell hybrid
vehicle in which the control modes, preferably the 3-step
control modes, preferably including the fuel cell stop mode,
the fuel cell constant current mode, and the fuel cell-super-
capacitor direct connection mode are performed in accor-
dance with another preferred embodiment of the present
invention, it is suitably determined whether the regenerative
braking is performed, and the criterion for stopping the power
generation of the fuel cell is changed according to the deter-
mination results such that the fuel cell stop mode is performed
according to the changed criterion; however, during regen-
erative braking, the fuel cell stop mode is performed in
advance by applying a relatively low criterion even if the
voltage of the storage means is low, thus increasing the
amount of regenerative braking.
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Accordingly, it is possible to increase the amount of regen-
erative braking by preferably stopping the power generation
of'the fuel cell in advance in a state where the supercapacitor
voltage is suitably lower than that during regenerative braking
by applying the criterion for the fuel cell stop mode distin-
guished according to whether the regenerative braking is
performed, thus suitably increasing the amount of regenera-
tive amount and the fuel efficiency. Moreover, in further
embodiments of the invention as described herein, it is pos-
sible to protect the high voltage parts by preferably prevent-
ing the voltage of the main bus terminal from rising. It is
possible, in certain preferred embodiments of the invention as
described, to prevent the supercapacitor from being automati-
cally charged by the fuel cell by stopping, for example pref-
erably suddenly stopping, the power generation of the fuel
cell during regenerative braking, thus suitably maximizing
the amount of regenerative braking.

The invention has been described in detail with reference to
preferred embodiments thereof. However, it will be appreci-
ated by those skilled in the art that changes may be made in
these embodiments without departing from the principles and
spirit of the invention, the scope of which is defined in the
appended claims and their equivalents.

What is claimed is:

1. A method for controlling output of a fuel cell ina fuel cell
hybrid vehicle including a fuel cell as a main power source
and a storage means as an auxiliary power source, the vehicle
having a power converter disposed between the fuel cell and
the storage means and provided for a constant current opera-
tion of the fuel cell and a directly connected switch for
directly connecting/disconnecting the fuel cell and the stor-
age means, the method comprising:

controlling an output of the fuel cell according to an

amount of electrical energy already stored in the storage
means by switching between a fuel cell stop mode, a fuel
cell constant current mode and a fuel cell storage means
direct connection mode wherein power generation ofthe
fuel cell is stopped in the fuel cell stop mode, the power
converter is operated so that the fuel cell is operated at a
constant power at a maximum efficiency point in the fuel
cell constant current mode, and the fuel cell and the
storage means are directly connected by the directly
connected switch and then the output of the fuel cell is
controlled according to a load required by the vehicle in
the fuel cell-storage means direct connection mode,
wherein, ifthe amount of electrical energy of the storage
means is below a reference value for restarting the power
generation of the fuel cell and if the elapsed time after
the fuel cell stop exceeds a predetermined minimum
retention time in the fuel cell stop mode, the fuel cell
stop mode is switched to the fuel cell constant current
mode in a state where the directly connected switch is
turned off.

2. The method of claim 1, wherein, in the fuel cell constant
current mode, fuel cell balance-of-plant components are con-
trolled to be operated at a constant power in a state where the
power converter is controlled to apply a voltage correspond-
ing to the maximum efficiency point to an output side of the
fuel cell such that the fuel cell is operated at a constant power
in which an output current of the fuel cell is maintained at a
constant level.

3. The method of claim 2, wherein the power converter is a
buck-boost converter, and a converter controller controls the
operation of the buck-boost converter to apply a voltage cor-
responding to the maximum efficiency point by sensing a
voltage of an output terminal of the buck-boost converter
through a voltage sensor.
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4. The method of claim 1, wherein, if the amount of elec-
trical energy of the storage means is below a reference value
for starting the fuel cell-storage means direct connection
mode in the fuel cell constant current mode, the fuel cell and
the storage means are directly connected by the directly con-
nected switch and the operation of the power converter is
stopped such that the fuel cell constant current mode is
switched to the fuel cell-storage means direct connection
mode.

5. The method of claim 4, wherein air is supercharged to a
fuel cell stack for a predetermined period of time before the
fuel cell and the storage means are directly connected by the
directly connected switch.

6. The method of claim 1, wherein the amount of electrical
energy of the storage means is a storage means voltage mea-
sured by a voltage sensor of a main bus terminal.

7. The method of claim 1, further comprising:

determining whether regenerative braking is performed;

determining whether to enter the fuel cell stop mode by
comparing the amount of electrical energy of the storage
means with reference values predetermined according to
whether the regenerative braking is performed; and

stopping the power generation of the fuel cell if the amount
of electrical energy of the storage means is greater than
the corresponding reference value.

8. The method of claim 7, wherein the reference value
during regenerative braking is set to be lower than the refer-
ence value in the case where the regenerative braking is not
performed so that the fuel cell stop mode is performed in a
state where the amount of electrical energy of the storage
means is lower than that in the case where the regenerative
braking is not performed.

9. The method of claim 7, further comprising:

switching the fuel cell-storage means direct connection

mode to the fuel cell constant current mode, if the
amount of electrical energy of the storage means is
above a predetermined level in the fuel cell-storage
means direct connection mode in a state where the
directly connected switch is turned on;

determining whether the regenerative braking is performed

in the fuel cell constant current mode;
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determining whether to enter the fuel cell stop mode; and

stopping the power generation of the fuel cell.

10. A method for controlling output of a fuel cell in a fuel
cell hybrid vehicle including a fuel cell as a main power
source and a storage means as an auxiliary power source, the
method comprising:

controlling an output of the fuel cell according to an

amount of electrical energy within the storage means by
switching a mode of the fuel cell between a fuel cell stop
mode, a fuel cell constant current mode and a fuel cell
storage means direct connection mode to control the
output of the fuel cell to the storage means,

wherein, if the amount of electrical energy of the storage

means is below a reference value for restarting the power
generation of the fuel cell and if the elapsed time after
the fuel cell stop exceeds a predetermined minimum
retention time in the fuel cell stop mode, the fuel cell
stop mode is switched to the fuel cell constant current
mode in a state where the directly connected switch is
turned off.

11. The method of claim 10, wherein the vehicle comprises
a power converter disposed between the fuel cell and the
storage means and provides for a constant current operation
of the fuel cell and a directly connected switch for directly
connecting/disconnecting between the fuel cell and the stor-
age means.

12. The method of claim 10, wherein in the fuel cell stop
mode power generation of the fuel cell is stopped.

13. The method of claim 10, wherein in the constant current
mode the power converter is operated so that the fuel cell is
operated at a constant power at a maximum efficiency point.

14. The method of claim 10, wherein in the fuel cell-
storage means direct connection mode the fuel cell and the
storage means are directly connected by a directly connected
switch.

15. The method of claim 10, wherein the output of the fuel
cell is further controlled according to a load required by the
vehicle.



