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(57) Abréegée/Abstract:

A fuel cell system Installed in a vehicle includes a fuel cell that supplies power to a motor that drives the vehicle, a pump that
supplies oxygen to the fuel cell, an accelerator position detector that detects an accelerator depression amount of the vehicle, and
a controller that calculates required generated power of the fuel cell and required driving power of the pump, based on the
accelerator depression amount. VWWhen a preset condition of causing a sharp drop in the calculated required generated power Is
satisfled, the controller calculates the required driving power In such a manner that a drop rate of the required driving power
becomes higher than a drop rate of the calculated required generated power, sets a lower limit to the calculated required driving
power, and drives the pump In accordance with the lower limit when the required driving power Is lower than the lower limit.
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ABSTRACT

A fuel cell system installed in a vehicle includes a fuel cell that
supplies power to a motor that drives the vehicle, a pump that supplies
oxygen to the fuel cell, an accelerator position detector that detects an
accelerator depression amount of the vehicle, and a controller that
calculates required generated power of the fuel cell and required driving
power of the pump, based on the accelerator depression amount. When a
preset condition of causing a sharp drop 1n the calculated required
generated power 1s satisfied, the controller calculates the required driving
power 1n such a manner that a drop rate of the required driving power
becomes higher than a drop rate of the calculated required generated
power, sets a lower limit to the calculated required driving power, and
drives the pump in accordance with the lower limit when the required

driving power is lower than the lower limit.
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CROSS-REFERENCE TO RELATED APPLICATION
[0001]

This application claims priority to Japanese Patent Application

No. 2014-231342 filed on November 14, 2014.

BACKGROUND
FIELD
[0002]
The present invention relates to a fuel cell system i1nstalled 1n a

vehicle, a fuel cell vehicle, and a method for controlling the same.

RELATED ART
[0003]

In some conventionally known fuel cell systems 1installed 1n a
vehicle, required generated power of a fuel cell is calculated in accordance
with an accelerator depression amount, and amounts of oxygen and
hydrogen supplied to the fuel cell are controlled in such a manner that the

power generated by the fuel cell matches the required generated power

(JP-A-2011-15580). In the fuel cell system, when the required generated
power of the fuel cell drops due to the deceleration of the vehicle or the

like, required driving power of an air compressor that supplies oxygen to

the fuel cell drops.
[0004]

However, because the response of the air compressor is slow due

to inertia, for example, when the required generated power sharply drops
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due to the sharp drop in the accelerator depression amount, oxygen 1s
supplied to the fuel cell even after the required driving power drops to O,
until the compressor stops. Thus, there are a problem that dry up of the
fuel cell occurs and a problem that excessively generated power leads to a
lower fuel efficiency and over charging of a secondary battery. In view of
the above, the present inventors have found out that the problems can be
solved by performing such a control that the required driving power of the
compressor drops at a higher drop rate than a drop rate of the required
generated power when the required generated power sharply drops.
However, when this control 1s performed, the required driving power drops
to O before the required generated power does. Thus, the fuel cell might
be unable to generate power due to the lack of oxygen after the compressor
1s stopped, and thus might fail to generate power corresponding to the
required generated power. When this happens, there is a problem that
the fuel cell system fails to supply the required power to a driving motor of
the vehicle. As a result, the torque of the driving motor sharply drops,

and thus what is known as torque shock occurs.

SUMMARY
[0005]

The present invention is made to solve the problems described
above, and thus can be implemented as the following aspects.
[0006]

(1) One aspect of the present invention provides a fuel cell system
installed in a vehicle. The fuel cell system includes a fuel cell that
supplies power to a motor that drives the vehicle, a pump that supplies
oxygen to the fuel cell, an accelerator position detector that detects an

accelerator depression amount of the vehicle, and a controller that
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calculates required generated power of the fuel cell and required driving
power of the pump, based on the accelerator depression amount. When a
preset condition of causing a sharp drop in the calculated required
generated power is satisfied, the controller calculates the required driving
power 1n such a manner that a drop rate of the required driving power
becomes higher than a drop rate of the calculated required generated
power, sets a lower limit to the calculated required driving power, and
drives the pump in accordance with the lower limit when the calculated
required driving power is lower than the lower limit. In this
configuration, when the required generated power sharply drops, the
required driving power drops at the drop rate higher than the drop rate of
the required generated power, whereby unnecessary supplying of oxygen
to the fuel cell is prevented. Thus, dry up of the fuel cell can be
prevented and the degradation of the fuel efficiency due to excessive
generation of power can be reduced. When the calculated required
driving power is lower than the lower limit, the pump 1s driven in
accordance with the lower limit of the required driving power, whereby the
fuel cell can be prevented from falling in a power generation disabled state
due to the lack of oxygen. Thus, torque shock can be prevented from
occurring when the vehicle is decelerating for example.

[0007]

(2) In the fuel cell system according to the above-described aspect,
the preset condition may be a drop rate of the accelerator depression
amount being equal to or higher than a first threshold. In this
configuration, a state where the required generated power sharply drops

can be easily detected.

[0008]

(3) The fuel cell system according to the above-described aspect
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may further include a secondary battery capable of supplying power to the
motor, a vehicle speed detector that detects vehicle speed of the vehicle,
and a state of charge detector that detects a temperature and a state of
charge of the secondary battery. The controller may calculate an
allowable output upper limit of the secondary battery based on at least one
of the temperature and the state of charge of the secondary battery. The
preset condition may be a drop rate of the accelerator depression amount
being equal to or higher than a second threshold, the vehicle speed being
equal to or lower than a third threshold, and the allowable output upper
limit being equal to or lower than a fourth threshold. With this
configuration, the state where the required generated power sharply drops
can be easlly detected, and the lower limit of the required driving power
can be set only when power that can be supplied by the secondary battery
to the motor 1s small and thus the torque shock is likely to occur.

[0009]

(4) The fuel cell system according to the above-described aspect
may further include a secondary battery capable of supplying power to the
motor, and a state of charge detector that detects a temperature and a
state of charge of the secondary battery. The controller may calculate the
allowable output upper limit of the secondary battery based on at least one
of the temperature and the state of charge of the secondary battery. The
controller may calculates the lower limit of the required driving power
based on the allowable output upper limit and the required generated
power of the fuel cell. With this configuration, the lower limit of the
required driving power can be changed in accordance with the magnitude
of the power that can be supplied to the motor from the secondary battery.

Thus, the fuel cell can be more effectively prevented from falling in the

power generation disabled state due to the lack of oxygen. The lower
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Iim1t of the required driving power can be changed in accordance with the
magnitude of the required generated power of the fuel cell. Thus, the
oxygen can be prevented from being excessively supplied to the fuel cell
when the pump is driven in accordance with the lower limit.

[0010]

The present invention may be implemented in various
embodiments, for example, a vehicle including a fuel cell, a method for
controlling a fuel cell system installed in a vehicle, a controller that
executes the method, a computer program that exccutes the method, and a

recording medium that records the computer program.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

Fig. 1 1s a schematic view of a fuel cell vehicle including a fuel cell
system according to a first embodiment.

If1g. 2 1s a diagram illustrating a configuration of a controller.

Fig. 3 1s a flowchart illustrating required driving power lower
limit setting control.

Fig. 4 1s a timing chart exemplarily i1llustrating a state of the fuel

cell vehicle according to the first embodiment.

Fig. 5 1s a timing chart exemplarily illustrating a state of a fuel
cell vehicle according to a comparative example.

Fig. 6 1s a timing chart exemplarily illustrating a state of a fuel
cell vehicle according to a second embodiment.

Fig. 7 1s a schematic diagram exemplarily illustrating a
relationship between Wyt and PLrg according to a third embodiment.

Fig. 8 18 a timing chart exemplarily illustrating a state of a fuel

cell vehicle according to the third embodiment.
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DESCRIPTION OF THE EMBODIMENTS
[0012]

A. First embodiment:

Fig. 1 1s a schematic view illustrating a configuration of a fuel cell
vehicle 10 including a fuel cell system 100 according to a first
embodiment. The fuel cell vehicle 10 includes a fuel cell 110, an FC boost
converter 120, a power control unit (PCU) 130, a traction motor 136, an air
compressor (ACP) 138, a vehicle speed detector 139, a secondary battery
140, an SOC detector 142, an FC auxiliary machine 150, a controller 180,

an accelerator position detector 190, and wheels WL. The fuel cell vehicle

10 travels by driving the traction motor 136 by power supplied from the
fuel cell 110 and from the secondary battery 140. For example, the fuel
cell system 100 includes the functional units of the fuel cell vehicle 10
described above, except for the traction motor 136 and the wheels WL.
[0013]

The fuel cell 110 is a polymer electrolyte fuel cell that generates
power by receiving oxygen and hydrogen as reaction gas. The fuel cell
110 1s not limited to the polymer electrolyte fuel cell, and various other
types of fuel cells may be employed. The fuel cell 110 is connected to
high-voltage DC wiring DCH through the FC boost converter 120 and to a
motor driver 132 and an ACP driver 137, in the PCU 130, through the
high-voltage DC wiring DCH. The FC boost converter 120 boosts output
voltage VFC of the fuel cell 110 to high voltage VH that can be used by the
motor driver 132 and the ACP driver 137.

[0014]
The motor driver 132 is formed of a three-phase inverter circuit,
and 1s connected to the traction motor 136. The motor driver 132

converts output power from the fuel cell 110, supplied through the FC
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boost converter 120, and output power from the secondary battery 140,

supplied through a DC/DC converter 134, into three-phase AC power, and
supplies the three-phase AC power to the traction motor 136. The
traction motor 136 is formed of a synchronous motor including a three-
phase coil, and drives the wheels WL through gears and the like. The
traction motor 136 also functions as a power generator that regenerates
kinetic energy of the fuel cell vehicle 10 to generate regenerative power,
when the fuel cell vehicle 10 is under braking. The vehicle speed detector
139 detects vehicle speed Svucr lkm/h] of the fuel cell vehicle 10, and
transmits the vehicle speed Svucr [km/h] to the controller 180.

[0015]

The DC/DC converter 134 adjusts a voltage level of the high-
voltage DC wiring DCH in accordance with a driving signal from the
controller 180, so that the secondary battery 140 switches between
charging and discharging states. When the traction motor 136 generates
the regenerative power, the motor driver 132 converts the regenerative

power 1nto DC power to be charged to the secondary battery 140 through
the DC/DC converter 134.
[0016]

The ACP driver 137 1s formed of a three-phase inverter circuit

and 1s connected to an ACP 138. The ACP driver 137 converts output
power from the fuel cell 110, supplied through the FC boost converter 120,
and output power from the secondary battery 140, supplied through the

DC/DC converter 134, into three-phase AC power, and supplies the three-
phase AC power to the ACP 138. The ACP 138 is formed of a
synchronous motor including a three-phase coil, and drives a motor in
accordance with the supplied power, and supplies oxygen (air), used for

generating power, to the fuel cell 110. The "ACP 138" corresponds to a
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"pump".
[0017]

The secondary battery 140 1s a charging device that stores electric
energy and can repeatedly perform charging and discharging. The
secondary battery 140 may be formed of, for example, a hithium-ion
battery. Alternatively, the secondary battery 140 may be other types of
batteries such as a lead storage battery, a nickel-cadmium battery, or a
nickel-hydrogen battery. The secondary battery 140 is connected to the
DC/DC converter 134, in the PCU 130, through low-voltage DC wiring
DCL, and 1s connected to the high-voltage wiring DCH through the DC/DC
converter 134.

[0018]

The SOC detector 142 detects a state of charge (SOC) of the
secondary battery 140, and transmits the SOC to the controller 180. In
this specification, the "SOC" indicates a ratio of currently remaining
battery charge to the maximum charge capacity of the secondary battery
140. The SOC detector 142 detects a temperature Tba, output voltage V,
and output current I of the secondary battery 140, and detects the SOC
based on the detected values. The SOC detector 142 i1n the present

embodiment also transmits the temperature Thba of the secondary battery

140 to the controller 180.
[0019]

The FC auxiliary machine 150 1s connected to the low-voltage DC
wiring DCL, and 1s driven by power supplied from the fuel cell 110 and the
secondary battery 140. The FC auxiliarv machine 150 includes auxiliary
machines, used for the power generation by the fuel cell 110, such as a fuel

pump through which the reaction gas is supplied to the fuel cell 110 and a

coolant pump that supplies a coolant to the fuel cell 110. The accelerator



CA 02911638 2015-11-06

position detector 190 detects how much the accelerator 1s depressed by a
driver (accelerator depression amount Dacc) (%], and transmits the
accelerator depression amount Dacc to the controller 130.

[0020] '

The controller 180 1s formed of a microcomputer including a
central processing unit and a main memory. Upon detecting an operation
such as accelerator operation by the driver, the controller 180 controls the
power generation by the fuel cell 110 and the charging/discharging of the
secondary battery 140, in accordance with the content of the operation.
The controller 180 generates a driving signal corresponding to the
accelerator depression amount Dacc, and transmits the driving signal to
each of the motor driver 132 and the DC/DC converter 134. The motor
driver 132 rotationally drives the traction motor 136 in accordance with
the accelerator depression amount Dacc, by adjusting a pulse width of the
AC voltage 1n accordance with the driving signal from the controller 180 or
performing the other like operation. The controller 180 includes a
secondary battery assist control map, and determines a secondary battery
assist rate by using the map. The secondary battery assist control map
indicates a relationship between the temperature and the SOC of the
secondary battery 140 and a ratio of power supplied from the secondary
battery 140 to power Pty required for rotationally driving the traction
motor 136 in accordance with the accelerator depression amount Dacc
(secondary battery assist ratio).

[0021]

Fig. 2 is a diagram illustrating a configuration of the controller
180. The controller 180 includes four electronic control units (ECUs),
that is, a PM-ECU 181, an FC-ECU 182, an FDC-ECU 183, and an MG-
ECU 184. The PM-ECU 181 acquires the accelerator depression amount
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Dacc of the fuel cell vehicle 10, and issues to the other ECUs various

requests and instructions required for driving the traction motor 136 at
the rotational speed corresponding to the accelerator depression amount
Dacc. The FC-ECU 182 controls the fuel cell 110 and the FC auxiliary
machine 150. Upon receiving a request signal SREQ described later from
the PM-ECU 181, the FC-ECU 182 1ssues a response signal SRES,
corresponding to the power generation performance and characteristics of

the fuel cell 110, to the PM-ECU 181. The FDC-ECU 183 controls the FC

boost converter 120. Upon receiving a power command PCOM described
later from the PM-ECU 181, the FDC-ECU 183 causes the fuel cell 110 to
supply power corresponding to the power command PCOM to the traction
motor 136 and the ACP 138. The MG-ECU 184 controls the motor driver
132, the ACP driver 137, and the DC/DC converter 134. Upon receiving a
torque command TCOM described later from the PM-ECU 181, the MG-
ECU causes the traction motor 136 and the ACP 138 to generate torque
corresponding to the torque command TCOM. An example of specific
operations performed by the four ECUs 1s described below.
[0022]

The PM-ECU 181 receives the accelerator depression amount
Dacc detected by the accelerator position detector 190 when the
accelerator pedal is depressed by the driver. Upon receiving the
accelerator depression amount Dacc, the PM-ECU 181 calculates required
acceleration torque Tacc [N-m], as a torque amount required for the
traction motor 136 in accordance with the accelerator depression amount
Dacc. The required acceleration torque Tacc can be calculated from a
formula representing a relationship between Dacc and Tacc for example.

The PM-ECU 181 also calculates required drivability torque Tmop [N-m]

from the required acceleration torque Tacc. The required drivability

10
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torque Twmop is calculated with rate processing (smoothening processing)
executed on a change rate ATacc IN-m/s] of the required acceleration
torque Tacc that is equal to or higher than a threshold (rate limiter) ATth1
so that the change rate ATacc 1s reduced. The required drivability torque
Tmop 1s set as described above because when the acceleration and
deceleration of the fuel cell vehicle 10 is controlled in accordance with the
required acceleration torque Tacc, comfortability degrades due to sudden
acceleration and deceleration. The PM-ECU 181 issues the torque
command TCOM, including the calculated required drivability torque
Tymop, to the MG-ECU 184. Upon receiving the torque command TCOM,
including the required drivability torque Tmop, the MG-ECU 184 controls
the traction motor 136 so that output torque corresponding to the required
drivability torque Tmop 18 generated. The torque actually generated in
the traction motor 136 is also referred to as actual torque Tacr.

[0023]

The PM-ECU 181 calculates vehicle required power Pvuci, [WI
from the calculated required drivability torque Tmop. The vehicle
required power PvHcL is power required for achieving a driving state of the
fuel cell vehicle 10 corresponding to the required drivabihity torque Twmob,
and is required generated power of the fuel cell 110. The vehicle required
power Pvucr is calculated from the following Formula (1):

PvicL = Ptm + Paux + Pena ... (1),

where Pty is required driving power [W] of the traction motor
136, Paux is required driving power [W] of the FC auxiliary machine 150
and the ACP 138, and Pcug is power [W] charged and discharged to and
from the secondary battery 140. For example, Prm can be calculated

from a motor characteristic indicating a relationship between rotational

speed and required torque of the traction motor 136 and Ptm. For

11
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example, Paux can be calculated from a motor characteristic indicating a

relationship between Paux and the rotational speed and the required
torque of the motor in the FC auxiliary machine 150 and the ACP 138.
For example, Pcuc can be calculated from an SOC charge-discharge
characteristic and a temperature charge-discharge characteristic of the
secondary battery 140. The SOC charge-discharge characteristic i1s a
map 1n which the SOC of the secondary battery 140 is associated with an
allowable input upper limit Wi, of input (charge) power Pi» and an
allowable output upper limit Wy of output (discharge) power Pour. The
temperature charge-discharge characteristic is a map in which the
temperature Tba of the secondary battery 140 i1s associated with the
allowable 1nput upper limit Wi, of the input power and the allowable
output upper limit Wyt of the output power. The PM-ECU 181 can use,
as Pcug, the smaller one of the allowable nput upper himit Wi,
determined from the SOC acquired from the SOC detector 142 and the
SOC charge-discharge characteristic, and the allowable input upper limit
Win determined from the temperature Tba acquired from the SOC detector
142 and the temperaturc charge-discharge characteristic. The PM-ECU
181 1ssues a request signal SREQ, including the calculated wvehicle

required power Pvucr, to the FC—ECU 182. The "vehicle required power

PvheL" corresponds to "required generated power of the fuel cell ".
[0024]

Upon receiving the request signal SREQ, including the vehicle

required power PvhcL, the FC—ECU 182 determines whether the vehicle
required power Pvuci, exceeds allowable power Parw [W] of the fuel cell
110. The allowable power Parw [W] is an upper limit of the power that
can be currently generated by the fuel cell 110, and can be calculated from

various parameters indicating the current state of the tuel cell 110. The

12
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parameters indicating the current state of the fuel cell 110 include, for

example, the temperature of the fuel cell 110, an amount of outer air
taken in by the ACP 138, an amount of hydrogen remaining in a hydrogen
tank that stores hydrogen supplied to the fuel cell 110, anode pressure and
cathode pressure of the fuel cell 110, and the like. The FC—ECU 182 can
calculate the allowable power Paiw from a map indicating the
corresponding relationship between the parameters and the allowable
power PaLw. When the vehicle required power PvucL does not exceed the
allowable power PaLw, the FC—ECU 182 issues, a response signal SRES
including a current value I [A] and a voltage value V [V] corresponding to
the vehicle required power PyucL, to the PM-ECU 181. The current value
I and the voltage value V corresponding to the vehicle required power
PvacL can be respectively calculated from a power-current characteristic
(-1 characteristic) and a current-voltage characteristic (I-V characteristic)
of the fuel cell 110. When the vehicle required power Pvucr exceeds the
allowable power PaLw, the FC—ECU 182 issues the response signal SRES,
including the current value I and the voltage value V corresponding to the

allowable power Parw, to the PM-ECU 181.
[0025]

Upon receiving the response signal SRES, including the current
value 1 and the voltage value V corresponding to the vehicle required
power PvhcL or the allowable power PaLw, the PM-ECU 181 issues the
power command PCOM corresponding to the current value I and the

voltage value V that have been received to the FDC—ECU 183. Upon
receiving the power command PCOM, the FDC—ECU 183 controls the FC
boost converter 120 so that the fuel cell 110 outputs the current value I
and the voltage value V corresponding to the power command PCOM.

The power actually output by the fuel cell 110 is also referred to as FC

13
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generated power Prc.

[0026]
The PM-ECU 181 calculates ACP required driving power Prg [W]

from the required acceleration torque Tacc. The ACP req.uired driving
power Prq 1s power required to achieve a driving state of the ACP 138
corresponding to the required acceleration torque Tacc, and can be
calculated from a formula indicating the relationship between Tacc and
Prq, for example. The PM-ECU 181 issues the request signal SREQ
including the calculated ACP required driving power Prg to the FC—ECU
182. The "ACP required driving power Pgrq" corresponds to "required
driving power".

[0027]

Upon receiving the request signal SREQ including the ACP
required driving power Prq, the FC—ECU 182 calculates a rotational
speed (required rotational speed) Rrq [rpm] of the ACP 138 corresponding
to the ACP required driving power Prq. For example, the required
rotational speed Rrq can be calculated as follows. First of all, the current
value 1 for causing the fuel cell 110 to generate the ACP required driving
power Prq, 1s calculated from the value of the ACP required driving power
Prq and the P-I characteristics and the I-V characteristics of the fuel cell
110. Then, an oxygen amount for generating the ACP required driving
power PRrq, 1s calculated from a charge amount corresponding to the
calculated current value I and an electrochemical reaction formula for
power generation. An air amount for generating the ACP required
driving power Pgrq 1s calculated from the calculated oxygen amount and a
component ratio of air, and the required rotational speed Rrq of the ACP

138 1s calculated from the calculated air amount. The FC—-ECU 182

1ssues the response signal SRES including the calculated required

14
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rotational speed Rrg to the PM-ECU 181.
[0028]

Upon receiving the response signal SRES including the required
rotational speed Rrq, the PM-ECU 181 calculates ACP required torque
Tace IN-m] from the required rotational speed Rrq. The PM-ECU 181
1ssues a torque command TCOM including the calculated ACP required
torque Tacp to the MG-ECU 184. Upon receiving the torque command
TCOM 1including the ACP required torque Tacp, the MG-ECU 184 controls
the ACP 138 so that output torque corresponding to the ACP required
torque Tacp 1s generated.

(0029}

As described above, the PM-ECU 181 according to the present
embodiment calculates the vehicle required power PyvuacL from the required
drivability torque Twmop, and calculates the ACP required driving power
Prq from the required acceleration torque Tacc. In this configuration,
when the calculated vehicle required power Pvucr, that is, the required
generated power of the fuel cell 110 sharply drops, the ACP required
driving power Prq drops at a drop rate higher than a drop rate of the
required generated power (vehicle required power Pvucr). Thus, the dry
up of the fuel cell 110 can be prevented and the degradation of the fuel
efficiency due to excessively generated power can be reduced when the
vehicle required power PvhcL sharply drops. More specifically, because of

the slow response of the ACP 138 due to the inertia, oxygen 1s supplied to
the fuel cell 110 until the ACP 138 is stopped even after the ACP required

driving power Prg is reduced to 0 when the vehicle required power PvhcL
has sharply dropped. This excessive oxygen supply leads to the dry up of
the fuel cell 110 and the excessive power generation. By setting the drop

rate of the ACP required driving power Prq to be higher than the drop rate

15
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of the vehicle required power Pvucr, the delayed supplied amount of
oxygen from the ACP 138 for the ACP required driving power Prq becomes
close to the air amount required for the vehicle required power Pvucr at
that point. Thus, the oxygen is prevented from being excessively supplied
after the vehicle required power PyHcL 1s reduced to 0, whereby the dry up
of the fuel cell 110 can be prevented and the excessive power generation
can be reduced. The PM-ECU 181 according to the present embodiment
performs control (required driving power lower limit setting control) for
setting a lower limit PLrgq as a guard value for the calculated ACP
required driving power Prqg, when the vehicle required power PvmucL
sharply drops.

[0030]

Fig. 3 1s a flowchart illustrating the required driving power lower
limit setting control. First of all, the PM-ECU 181 determines whether
the wvehicle required power Pvucr sharply drops (step S110). To
determine whether the vehicle required power Pvncr sharply drops,
whether a preset condition of causing a sharp drop in the vehicle required
power PvihcL 1s satisfied 1s determined. Here, the preset condition is a
drop rate |ADacc| (0 > ADacc [%/s]) of the accelerator depression amount
Dacc per unit time being equal to or higher than a threshold ADth (for
example, 5 [%/s]) (]ADacc| > ADth). As the "preset condition" any
condition under which the vehicle required power PvucL is supposed to
sharply drop may be set. For example, as such a condition, a drop rate
| ATacc| of the required acceleration torque Tacc per unit time being a
threshold ATth2 or higher may be set. The "threshold ADth" corresponds
to a "first threshold".

[0031]

When the drop rate [ADacc| of the accelerator depression

16
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amount Tacc per unit time is lower than the threshold ADth (i ADacc| <

ADth), the vehicle required power PyucrL does not sharply drop (step S110:
No), and thus the PM-ECU 181 does not set the lower limit PLrqg. Here,
the PM-ECU 181 calculates, as the normal driving state, the ACP required
driving power Prq from the required acceleration torque Tacc (step S120),
and 1ssues the request signal SREQ including the calculated ACP required
driving power Prq to the FC—ECU 182 (step S130).

[0032]

When the drop rate [ADacc| of the accelerator depression
amount Dacc per unit time is equal to or higher than a threshold ADth
(|ADacc| > ADth), the vehicle required power Pyvhcr sharply drops (step
S110: Yes), and thus the PM-ECU 181 sets the lower limit PLirq and then
calculates the ACP required driving power Prq (step S140). The lower
limit PLrq may be a preset fixed value, or may be a variable value that
changes in accordance with the states of the fuel cell system 100 and the
secondary battery 140. For example, the lower limit PLrq may be
calculated with a formula indicating the relationship between the
allowable output upper limit Wout of the output power Pout of the secondary

battery 140 and the lower limit PLrq. The PM-ECU 181 determines

whether the ACP required driving power Prg, calculated from the required

acceleration torque Tacc, is lower than the lower limit PLgrq (step S150).

[0033]

When the ACP required driving power Prq, calculated from the
required acceleration torque Tacc, 1s lower than the lower limit PLRq, the
PM-ECU 181 sets the lower limit PLrg as the value of the ACP required
driving power Prq (step S160). Thus, a configuration is established
where the ACP required driving power Prq output from the PM-ECU 181
1s not reduced below the lower limit PLrg. Then, the PM-ECU 181 1ssues
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the request signal SREQ, including the ACP required driving power Prq
as a value equal to the lower limit PLgq, to the FC—ECU 182 (step S130).
The PM-ECU 181 issues the torque command TCOM, including the
required rotational speed Rrq corresponding to the lower limit PLgg, to the
MG-ECU 184. Thus, the MG-ECU 184 controls the ACP 138 so that the
output torque corresponding to the lower limit PLrq 1s generated. When
the ACP required driving power Prq, calculated from the required
acceleration torque Tacc, is not lower than the lower limit PLgrg, the PM-
ECU 181 issues a request signal SREQ, including the calculated ACP
required driving power Prq, to the FC—ECU 182 (step S130).
[0034]

Fig. 4 is a timing chart of exemplarily illustrating a state of the
fuel cell vehicle 10 according to the present embodiment. Iig. 4
exemplarily illustrates how the accelerator depression amount Dacc, the
required acceleration torque Tacc, the required drivability torque Twon,
the actual torque Tact, the vehicle required power Pvuci, the FC
generated power Prc, and the ACP required driving power Prq change
over time. Furthermore, the lower limit PLgrq 1s exemplarily illustrated
in Fig. 4. In a case described below, it 1s assumed that the driver starts
to turn OFF the accelerator at a time point T1 and the accelerator is
completely turned OFF at a time point T3. Furthermore, 1n the case
described below, it is assumed that the drop rate [ADacc| of the
accelerator depression amount Dacc 1s equal to or higher than the
threshold ADth (| ADacc| = ADth) in a period between T1 and T3. In the

case described below, it is assumed that the value of the ACP required

driving power Prq calculated from the required acceleration torque Tacc

becomes lower than the lower limit PLrg at a time point T2.
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[0035]

The required acceleration torque Tacc corresponds to the
accelerator depression amount Dacc and thus starts to drop at the time
point T'1 to be 0 at the time point T3. Due to the rate processing on the
change rate of the required acceleration torque Tacc, the required
drivability torque Twmop drops more gently than the required acceleration
torque Tacc. Similarly, the vehicle required power Pvuci, the FC
generated power Prc, and the actual torque Tacr correspond to the
required drivability torque Twmop and thus drops gently in a period
between T1 and T4. The ACP required driving power Prq corresponds to
the required acceleration torque Tacc and thus drops during the period
between T1 and T3. The value of the ACP required driving power Prgq is
the lower limit PLgrq at and after the time point T2. Thus, the ACP 138
continues to be driven in accordance with the lower limit PLgrq of the ACP
required driving power Prq at and after the time point T2.

[0036]

Fig. 5 1s a timing chart exemplarily illustrating a state of a fuel
cell vehicle according to a comparative example. As in Fig. 4, Fig. 5
exemplarily illustrates how the accelerator depression amount Dace, the
required acceleration torque Tacc, the required drivability torque Twmob,
the actual torque Tacr, the vehicle required power Pvucr, the FC
generated power Prc, and the ACP required driving power Prq change
over time. Ig. 5 further exemplarily illustrates how the output power
Pout of the secondary battery 140 changes overtime, and exemplarily
illustrates the allowable output upper limit Woyu of the output power Pout.
The allowable output upper limit Wout 1n this example 1s the smaller one of
the allowable output upper limit Wyy, obtained from the SOC acquired
from the SOC detector 142 and the SOC charge-discharge characteristic,
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and the allowable output upper limit Wout, obtained from the temperature

Tha acquired from the SOC detector 142 and the temperature charge-
discharge characteristic.
[0037]

The fuel cell vehicle according to the comparative example is the
same as the fuel cell vehicle 10 according to the present embodiment,
except that the required driving power lower limit setting control is not
executed. In a case described below, 1t 1s assumed that the driver starts
to turn OFF the accelerator at the time point T1 and the accelerator is
completely turned OFF at the time point T3, as 1n Fig. 4. When the
driver turns OFF the accelerator, the required acceleration torque Tacc,
the required drivability torque Twmon, and the vehicle required power Pvrcr
drop in manners similar to those in the present embodiment.

[0038]

With no lower limit PLgrq set, the ACP required driving power Prq
drops i1n the period between T1 and T3 to be 0 at the time point T3.
When the ACP required driving power Prq drops to 0, the ACP 138 stops,
and thus oxygen (air) is no longer supplied to the fuel cell 110. As a
result, the power generation stops due to the lack of oxygen (air deficiency)
and thus the FC generated power Prc drops to 0. When the IFC generated
power Prc is lower than the vehicle required power Pvhcl, the output
power Pout from the secondary battery 140 is supplied to the traction motor
136 to compensate for the shortage. However, when the SOC of the
secondary battery 140 is low because the vehicle is traveling on a highway,
or when the temperature of the secondary battery 140 1s low, the
compensation of the shortage fails due to the low allowable output upper
limit Wou. Thus, the vehicle falls in a state (torque shock) where the

actual torque Tacr of the traction motor 136 sharply drops and the
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acceleration sharply drops. In the fuel cell vehicle 10 according to the
present embodiment where the required driving power lower limit setting
control is performed as described above, the air (oxygen) can be supplied to
the fuel cell 110 at an after the time point T3. Thus, the fuel cell 110 can
continue the power generation, whereby the torque shock due to the air
deficiency can be prevented.

[0039]

In the tuel cell vehicle 10 according to the present embodiment
described above, the ACP required driving power Prq drops at a higher
drop rate than the drop rate of the required generated power when the
required generated power (vehicle required power Pvyc) sharply drops.

Thus, the dry up of the fuel cell 110 can be prevented, and the degradation

of the fuel efficiency due to the excessive power generation can be reduced.
When the ACP required driving power Prq, calculated from the required

acceleration torque Tacc, 1s lower than the lower limit PLgrq, the ACP 138

1s driven in accordance with the lower limit PLrg. Thus, the fuel cell 110

can be prevented from falling in the power generation disabled state due

to the lack of oxygen.

[0040]

B. Second embodiment:

Fig. 6 1s a timing chart exemplarily illustrating a state of a fuel
cell vehicle 10A according to a second embodiment. Fig. 6 exemplarily
1llustrates how the accelerator depression amount Dacc, the vehicle speed
SvHcL, the allowable output upper limit Wou of the output power Pout of the
secondary battery 140, and an ON/OFF state of a required driving power
lower limit setting control execution flag change over time. The fuel cell
vehicle 10A according to the second embodiment is the same as the fuel

cell vehicle 10 according to the first embodiment, except for the content of
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the "preset condition" 1n step S110 in the required driving power lower
limit setting control (Fig. 3). The "preset condition" for the fuel cell
vehicle 10A according to the second embodiment 1s the drop rate | ADacc|
(0>ADacc) of the accelerator depression amount Dacc per unit time being
equal to or higher than a threshold ADth2 (for example, 5 [%/s]), the
vehicle speed SvacrL of the fuel cell vehicle 10A being equal to or lower
than a threshold Sth (for example, 60 [km/h]), and the allowable output
upper limit Wy of the output power Pout of the secondary battery 140
being equal to or lower than a threshold Wth [W]. The allowable output
upper limit Wy 1s the smaller one of the allowable output upper limit
Wout, obtained from the SOC charge-discharge characteristic, and the
allowable output upper limit Wout, obtained from the temperature charge-
discharge characteristic, as in the first embodiment. The "threshold
ADth2" corresponds to a "second threshold", the "threshold Sth"
corresponds to a "third threshold", and the "threshold Wth" corresponds to
a "fourth threshold".
[0041]

In this configuration, the lower limit PLrg of the ACP required
driving power Prq is set only when the secondary battery 140 can supply a
small amount of output power Pout to the traction motor 136, and thus 1s
likely to fail to fully compensate for the shortage, that 1s, when the torque
shock is likely to occur. When a sufficient amount of output power Pout
can be supplied from the secondary battery 140 to the traction motor 136,
the lower limit PLgrq of the ACP required driving power Prq 1s not set
because the torque shock is less likely to occur. Thus, the lower limit

PLrq of the ACP required driving power Prq is prevented from being set

when not required.
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[0042]
C. Thaird embodiment:

Fig. 7 1s a schematic view exemplarily 1llustrating a relationship
between the allowable output upper limit Wy of the output power Pout of
the secondary battery 140 and the lower limit PLgrq of the ACP required
driving power Prq, according to a third embodiment. The fuel cell vehicle
10B according to the third embodiment is the same as the fuel cell vehicle
10 according to the first embodiment except for how the lower limit PLgrq
1s set. The lower limit PLrq according to the third embodiment 1s a
variable value corresponding to values of the allowable output upper limit
Wout and the vehicle required power PvacL. The allowable output upper
limit Wour according to the third embodiment is the smaller one of the
allowable output upper limit Wou, obtained from the SOC charge-
discharge characteristic, and the allowable output upper lIimit Wy,
obtained from the temperature charge-discharge characteristic, as in the
first embodiment. The PM-ECU 181 according to the third embodiment
has a map corresponding to Fig. 7. How the PM-ECU 181 according to
the third embodiment calculates the lower limit PLrq 1s described below.
[0043]

Fig. 8 1s a timing chart of exemplarily illustrating a state of the
fuel cell vehicle 10B according to the third embodiment. Fig. 8
exemplarily illustrates how the vehicle required power PvrcL and the ACP
required driving power Prq change over timc. Fig. 8 illustrates the lower
limit PLgrq of the ACP required driving power Prq. The PM-ECU 181
according to the third embodiment calculates the lower limit PLrq 1n step
$140 in the required driving power lower limit setting control (Fig. 3).
More specifically, the PM-ECU 181 calculates the allowable output upper
limit Wout from the SOC acquired from the SOC detector 142, the SOC
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charge-discharge characteristic, the temperature Tha acquired from the
SOC detector 142, and the temperature charge-discharge characteristic,
and calculates the lower limit PLrq from the allowable output upper limit
Wout and the map 1illustrated in Fig. 7. Then, the PM-ECU 181
determines whether the calculated lower limit PLrq is higher than the
vehicle required power Pvuacr.. When the calculated lower limit PLrq 1s
not higher than the vehicle required power Pvucr, the PM-ECU 181
compares the lower hmit PLRrq, calculated from the map in Fig. 7, with the
ACP requireddriving power Prq (step S150 in Fig. 3). When the
calculated lower limit PLgrq 1s higher than the vehicle required power
PvucL, the PM-ECU 181 sets the value of the vehicle required power PvucL
as the lower limit PLrq. Thus, the value of the vehicle required power
PviicL serves as an upper limit (guard value) of the lower limit PLgg.

[0044]

In this configuration, the lower limit PLrq of the ACP required
driving power Prq can be changed in accordance with the magnitude of the
output power Pyt that can be supplied from the secondary battery 140 to
the traction motor 136. Thus, the fuel cell 110 can be more ettectively
prevented from falling in the power generation disabled state due to the
lack of oxygen. The lower limit PLgrg can be changed 1n accordance with
the magnitude of the vehicle required power Pyvhacr of the fuel cell 110.
Thus, excessive supplying of oxygen to the fuel cell 110 can be prevented
when the ACP 138 is driven in accordance with the lower limit PLgg.
[0045]

D. Modifications:

The present invention is not limited to the embodiments and can
be implemented in various forms without departing from the gist of the

present invention. For example, a part or the whole of the functions and
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processing performed by the controller 180 in the embodiments can be

implemented by software or hardware. Examples of the hardware
include various types of circuits (circuitry) such as an integrated circuit, a
discrete circuit, or a circuit module incorporating these circuits in
combination. The following modifications are also applicable.

[0046]

D-1. Modification 1:

In the first to the third embodiments, the allowable output upper
limit Wiyt of the output power Pout of the secondary battery 140 is the
smaller one of the allowable output upper limit Wyu:, obtained from the
SOC charge-discharge characteristic, and the allowable output upper limit
Wout, obtained from the temperature charge-discharge characteristic.
Alternatively, the allowable output upper limit Wout may be the larger one
of the allowable output upper limit Wy, obtained from the SOC charge-
discharge characteristic, and the allowable output upper limit Wou,
obtained from the temperature charge-discharge characteristic. Thus,
the allowable output upper limit Wyt may be calculated from any one of

the SOC charge-discharge characteristic and the temperature charge-

discharge characteristic.

[0047]
D-2. Modification 2:

In the first to the third embodiments, oxygen is supplied to the
fuel cell 110 from the air compressor (ACP) 138. Alternatively a pump

other than the air compressor may be used to supply oxygen to the fuel
cell 110. In the first to the third embodiments, the ACP required driving
power Prq 1s power required to achieve the driving state of the ACP 138
corresponding to the required acceleration torque Tacc. The ACP

required driving power Prq may include power different from the driving
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power for the ACP 138 such as valve driving power.
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WHAT IS CLAIMED IS:

1. A fuel cell system installed in a vehicle, the fuel cell system
comprising:

a fuel cell configured to supply power to a motor that drives the
vehicle;

a pump configured to supply oxygen to the fuel cell;

an accelerator position detector configured to detect an
accelerator depression amount of the vehicle;

a secondary battery configured to supply power to the motor;

a state of charge detector configured to detect a temperature and
a state of charge of the secondary battery; and

a controller configured to calculate required generated power of
the fuel cell and required driving power of the pump, based on the
accelerator depression amount, wherein

when a preset condition of causing a drop in the calculated
required generated power 1s satisfied, the controller is configured to
calculate the required driving power to satisfy that a drop rate of the
required driving power becomes higher than a drop rate of the calculated
required generated power, set a lower limit to the calculated required
driving power, and drive the pump in accordance with the lower limit
when the calculated required driving power is lower than the lower limit,

the controller is configured to calculate an allowable output upper

limit of the secondary battery based on at least one of the temperature and
the state of charge of the secondary battery, and

the controller 1s configured to calculate the lower limit of the
required driving power based on the allowable output upper limit and the

required generated power of the fuel cell.
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2. The ftuel cell system 1n accordance with claim 1, wherein the
preset condition is a drop rate of the accelerator depression amount being

equal to or higher than a first threshold.

3. A fuel cell system installed i1n a vehicle, the fuel cell system
comprising:

a fuel cell configured to supply power to a motor that drives the
vehicle;

a pump configured to supply oxygen to the fuel cell;

an accelerator position detector configured to detect an
accelerator depression amount of the vehicle;

a controller configured to calculate required generated power of
the fuel cell and required driving power of the pump, based on the
accelerator depression amount;

a secondary battery configured to supply power to the motor;

a vehicle speed detector configured to detect vehicle speed of the
vehicle; and

a state of charge detector configured to detect a temperature and

a state of charge of the secondary battery, wherein

when a preset condition of causing a drop in the calculated
required generated power 1s satisfied, the controller is configured to

calculate the required driving power to satisfy that a drop rate of the

required driving power becomes higher than a drop rate of the calculated
required generated power, set a lower limit to the calculated required
driving power, and drive the pump in accordance with the lower hmit
when the calculated reqﬁired driving power is lower than the lower limit,

the controller 1s configured to calculate an allowable output upper

28

CA 2911638 2018-07-06



limit of the secondary battery based on at least one of the temperature and

the state of charge of the secondary battery, and
the preset condition 1s a drop rate of the accelerator depression
amount being equal to or higher than a second threshold, the vehicle

speed being equal to or lower than a third threshold, and the allowable

output upper limit being equal to or lower than a fourth threshold.

4. A vehicle comprising:

the fuel cell system 1n accordance with any one of claims 1 to 3;
and

a motor that drives the vehicle with power supplied from the fuel

cell system.

5. A method for controlling a fuel cell system installed in a vehicle,
the fuel cell system including a fuel cell configured to supply power to a
motor that drives the vehicle, a pump configured to supply oxygen to the
fuel cell, and a secondary battery configured to supply power to the motor,
the method comprising:

detecting an accelerator depression amount of the vehicle and

calculating required generated power of the fuel cell and required driving

power of the pump based on the accelerator depression amount; and
detecting a temperature and a state of charge of the secondary

battery and calculating an allowable output upper limit of the secondary

battery based on at least one of the temperature and the state of charge of
the secondary battery;

calculating, when a preset condition of causing a drop in the
calculated required generated power is satisfied, the required driving

power to satisfy that a drop rate of the required driving power becomes
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higher than a drop rate of the calculated required generated power;

calculating a lower limit of the required driving power based on

the allowable output upper Iimit and the required generated power of the

fuel cell; and
setting the lower limit of the required driving power, and driving
the pump 1n accordance with the lower limit when the calculated required

driving power 1is lower than the lower limit.

6. The method for controlling the fuel cell system 1n accordance with
claim 5, wherein the preset condition is a drop rate of the accelerator

depression amount being equal to or higher than a first threshold.

7. A method for controlling a fuel cell system installed in a vehicle,
the fuel cell system including a fuel cell configured to supply power to a
motor that drives the vehicle, a pump configured to supply oxygen to the
fuel cell, and a secondary battery configured to supply power to the motor,
the method comprising:

detecting an accelerator depression amount of the vehicle and
calculating required generated power of the fuel cell and required driving
power of the pump based on the accelerator depression amount;

detecting a temperature and a state of charge of the secondary
battery and calculating an allowable output upper limit of the secondary
battery based on at least one of the temperature and the state of charge of
the secondary battery; and

calculating, when a preset condition of causing a drop in the
calculated required generated power is satisfied, the required driving
power to satisfy that a drop rate of the required driving power becomes

higher than a drop rate of the calculated required generated power,
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setting a lower lhmit to the calculated required driving power, and driving
the pump 1n accordance with the lower limit when the calculated required

driving power 1s lower than the lower limit, wherein

the preset condition is a drop rate of the accelerator depression
amount being equal to or higher than a second threshold, the vehicle
speed being equal to or lower than a third threshold, and the allowable

output upper limit being equal to or lower than a fourth threshold.
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