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METHOD FOR MONITORING HYDROGEN
VEHICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of application Ser. No.
11/720,366, filed May 29, 2007, which is the National Stage
of International Application No. PCT/US05/43575, filed
Dec. 1, 2005, which claims the benefit of Provisional Appli-
cation No. 60/593,041, filed Dec. 2, 2004, each of the entire
contents of which is hereby incorporated by reference.

TECHNICAL FIELD

The present invention relates generally to hydrogen
vehicles and more specifically to monitoring hydrogen
vehicles.

BACKGROUND

Alternative fuel vehicles have experienced significant
attention in view of the increased demand and short supply of
natural resources conventionally used to power vehicles,
imbalanced distribution of resource supplies relative to dis-
tribution of resource consumptions, and concern over emis-
sions of carbon dioxide which result from the burning of
fossil fuels. Particularly, hydrogen has been utilized as an
alternative fuel source for vehicles. However, hydrogen
fueled vehicles require diligent monitoring as a result of
government regulations and hydrogen properties. As
increased numbers of hydrogen fueled vehicles are placed in
operation, it is likely regulations will be expanded that restrict
or otherwise govern their use. Also, building codes and other
standards will likely be modified to accommodate hydrogen
fueled vehicles in public and residential areas. As aresult, itis
important for an operator of ahydrogen vehicle to be aware of
possible regulatory violations and/or vehicle operating
parameters. Thus, there exists a need for a system that can
perform remote diagnostic and prognostic analyses of hydro-
gen powered vehicles.

SUMMARY

A method for remotely monitoring the status of a hydrogen
vehicle includes sensing a plurality of vehicle status criteria
relating to the operation of the hydrogen vehicle and trans-
mitting the signal representing one or more of the status
criteria to a computer remote from the vehicle. The method
also includes processing the one or more status criteria at the
computer remote from the vehicle to determine if an action
must be taken to alleviate a problem condition wherein the
problem to be alleviated is a release of hydrogen. The method
further includes automatically selecting one or more actions
to be taken to alleviate a problem condition and transmitting
the signal representing the one or more actions to be taken to
a module on-board the vehicle wherein the module is config-
ured to initiate the one or more actions to be taken. The
automatically selected action may take into account the pres-
ence of one or more remotely monitored vehicles in an area
where restrictions on the amount of hydrogen are in effect.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an example sys-
tem embodiment of the present invention; and
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FIG. 2 is a flow diagram illustrating an example process
that may be executed in application software in accordance
with one embodiment of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

FIG. 1 illustrates one embodiment of the present invention.
The content or arrangement of FIG. 1, or any embodiment
presented herein, is not offered to limit the scope of the
present invention. Embodiments of the present invention may
be modified or adapted to best-fit a particular implementation.

According to the embodiment shown in FIG. 1, a system
architecture may comprise an on-board vehicle system 100,
an off-board remote system 102, and a tablet system 104.
Preferably, these systems communicate with each other over
a wireless network 106 such as a cellular communication
network. Preferably, any cellular communication is of suffi-
cient power (e.g. 3 watts or more) to enable communication in
remote geographical areas. Of course, several different
modes of communication may be implemented within the
scope of the present invention, including a satellite commu-
nication network, a local area network, a wide area network,
or the Internet.

The on-board vehicle system 100 may include a data acqui-
sition/communication module 108 and a presentation inter-
face module 110. These modules may be combined as one, or
sub-divided into sub-modules or components. Data and sig-
nal processing may take place in any module and/or, as
described in greater detail below, at a computer located
remote from the vehicle. The manner and location of where
data/signal processing occurs may vary depending on the
particular implementation of the present invention.

The data acquisition/communication module 108 may
include one or more computers that receive vehicle informa-
tion from a vehicle network such as a controller area network
(“CAN”) 112. Other inputs may be provided. The data acqui-
sition/communication module 108 may receive information
transmitted by a plurality of other on-board modules includ-
ing a powertrain control module (“PCM”), an alternative fuel
control module (“AFCM”), an energy management module
(“EMM”), etc.

The received information may represent a plurality of sta-
tus conditions associated with the hydrogen-powered vehicle,
including without limitation vehicle location, vehicle speed,
engine RPM, fuel injector pulse width, mass air flow rate
(engine load may be inferred), fuel consumption rate, mani-
fold absolute pressure, equivalence ratio, hydrogen tank pres-
sure, hydrogen tank temperature, NOx, and CO2. The NOx
and CO2 may be measured at multiple vehicle locations,
including feedgas, between the three-way catalyst and NOx
trap, and at the tailpipe.

According to one embodiment, the data acquisition/com-
munication module 108 transmits some or all of the received
information to the off-board remote system 102. The trans-
mitted information may be processed or re-formatted prior to
transmission. The data acquisition/communication module
108 may also transmit a request for information to the off-
board remote system. As described in greater detail below, the
requested information may include refueling station informa-
tion, destination information, etc. As also described below,
the data acquisition/communication module 108 may receive
and process information transmitted by the off-board remote
system 102.

Information received by the data acquisition/communica-
tion module 108 may be transmitted to the presentation inter-
face module 110 for display. This information may be pro-
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cessed to generate a character or graphic-based display. A
plurality of different displays may be generated, including
without limitation a display of information useful for service
personnel to diagnose and service the hydrogen-powered
vehicle.

The presentation interface module 110 may be PC-based
and may communicate with the data acquisition/communica-
tionmodule 108 over a local network, such as a 10-T or 100-T
network. Other means of communication may be provided.

The presentation interface module 110 may support a dis-
play 116 for communicating vehicle status information and,
as described in greater detail below, information received
from the off-board remote system 102. The display 116 may
also be configured to display multimedia including without
limitation maps, video, advertising information, destination
information, distance information, refueling station informa-
tion, etc. Refueling station information may include location,
nearest location, directions, hours of operation, quantity of
fuel available, fuel price, etc. Similar information may be
provided for other destinations and associated goods or ser-
vices.

To report available hydrogen fuel quantities, hydrogen
fueling stations may be equipped with appropriate transmit-
ters that communicate fuel quantity information to the on-
board systems 100, the remote system 102, or other comput-
ers in operable communication with the remote system 102.

Vehicle status information may be displayed based on cur-
rent and historical statistics. Additionally, the operator may
define periods for which to display the information, such as
trip data including without limitation distance/route traveled,
elapsed time, fuel consumption, etc. Information may be
displayed in a plurality of graphical formats including dials,
bar charts, etc. Control of display functionality may be
enabled using a touch-sensitive screen 116 or remote control
118.

The off-board remote system 102 receives information
transmitted by the on-board vehicle system 100. The remote
system 102 may comprise a computer server 120 having
associated application software (not shown) and database
122. Data and signal processing may take place at the remote
system 102 and/or at the vehicle system described above. The
manner and location of where data/signal processing occurs
may vary depending on the particular implementation of the
present invention.

FIG. 2 is a block flow diagram illustrating an example
process that may be executed in software running at the
remote system 102. Of course, the process may be modified or
adapted to fit a particular implementation of the present
invention.

Upon receiving information transmitted by the on-board
vehicle system 100, as represented in block 200, the remote
system 102 may transmit an acknowledgment. This feature
helps to ensure that the on-board vehicle system 100 and the
remote system 102 are in communication. If no acknowledg-
ment is received, the on-board vehicle system 100 may
retransmit the original message. The on-board vehicle system
100 may additionally, or upon an unsuccessful retransmis-
sion, sound an alarm or otherwise notify the operator of the
hydrogen-powered vehicle that communication with the
remote system has been lost. The on-board vehicle system
100 may queue messages up to a configurable limit while
attempting to reestablish communication. Once communica-
tionis re-established, the queue can be emptied using a higher
message transmission rate. In this manner, loss of data is
prevented during events such as passage through a tunnel
where communication may not be possible.
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Ifthe received communication is a request for information,
as determined at block 204, the request for information is
processed as represented by block 206. Requested informa-
tion, if available, is transmitted back to the on-board vehicle
system 100 for display or processing.

If'the received communication is a transmission of vehicle
status information, the information may be recorded in data-
base 122, as represented by block 210. Preferably, any
recorded information is identified by or associated with a
date, time, vehicle, etc.

As represented by block 212, the vehicle status information
may be automatically tested to determine if the vehicle status
is within a normal or acceptable threshold. As discussed in
greater detail below, a plurality of status/test arrangements
may be implemented.

If vehicle status is within a normal or acceptable threshold
as determined at block 214, no action may be taken as repre-
sented in block 216. If, however, vehicle status is outside a
normal or acceptable threshold, one or more actions may be
taken. For example, an alarm or recording may automatically
sound or an icon may be illuminated on the display 116 of the
vehicle. The recording or display may provide the operator of
the vehicle with instructions on what to do to alleviate or
reduce the impact of any problem. For example, the instruc-
tions may be to pull the vehicle off the road, turn the vehicle
off, directions to drive the vehicle out of a restricted area, or
directions to drive the vehicle to an appropriate area.

Other actions may involve directly controlling aspects of
the hydrogen vehicle without any operator intervention. For
example, the engine or the fuel tank supply valve may be shut
off, or vehicle speed may be reduced or otherwise limited.
Remote vehicle control may be predefined and depend on
various parameters including the location of the vehicle, the
location of restricted areas, the amount of fuel on board,
current driving conditions etc. According to one embodiment
of the present invention, the on-board system 100 and/or the
remote system 102 may be configured to detect a release of
hydrogen at the vehicle. Hydrogen release may be detected
based on data collected from on-board sensors including
hydrogen tank pressure sensors, tank temperature sensors,
hydrogen presence of concentration sensors, etc. Hydrogen
release may also be detected using engine related parameters
including fuel rail pressure, temperature, injector pulse width
(s), engine RPM, vehicle speed, etc. alone or in combination
with the aforementioned on-board sensors.

An example algorithm for detecting a hydrogen release
includes calculating the hydrogen mass in the on-board
hydrogen tank based on tank pressure, temperature, and the
known thermodynamic properties of gaseous hydrogen.
Next, the hydrogen fuel mass consumed may be calculated
based on engine related parameters, including fuel injector
flow characteristics, and hydrogen thermodynamic proper-
ties. Over a standard period of time (e.g. one minute) the
reduction of tank fuel mass may be compared with the amount
of fuel mass consumed by the engine according to these
calculations. If, over the standard time interval, the stored fuel
mass reduction minus the fuel mass consumed exceeds a
predefined threshold, a hydrogen release may exist.

A hydrogen release may also be detected when the engine
is turned off. Here, stored fuel masses in the hydrogen storage
tank, intermediate pressure manifold or the engine fuel rail at
the beginning and the end of a predefined time interval may be
detected and compared. Accordingly, communication of
stored fuel masses from the on-board vehicle system to the
remote system may take place at predetermined short time
intervals when the vehicle is parked in order to conserve
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vehicle power. If the stored fuel mass decreases during the
time interval when the engine is not running, a hydrogen
release may exist.

If a hydrogen release is detected, a variety of actions may
be implemented. For example, the driver of the vehicle may
be automatically notified that a hydrogen release has been
detected. Notifications may be by alarm, by visual indicator
on a display, an audio message, etc. If a detected release has
a rate less than some predefined threshold, the driver may be
directed to the nearest repair using vehicle and repair facility
position information. The appropriate repair facility may be
automatically alerted that a vehicle having a possible hydro-
gen release condition will be arriving for repair.

If the detected hydrogen release has a rate greater than a
predefined threshold, the driver may be directed to pull off the
road and stop the engine. A repair facility, emergency
responders, etc., may be contacted in an automatic or manual
fashion.

If the vehicle is located in or about to enter a closed or
poorly ventilated area, such as a tunnel or parking structure,
appropriate personnel may automatically be notified of the
existence, magnitude and location of the hydrogen release. If
the vehicle is located in an open, well ventilated area, the fuel
tanks may be commanded, manually or automatically, to vent
the hydrogen fuel in a safe and controlled manner. Addition-
ally, a de-fueling vehicle may be dispatched, manually or
automatically, to extract hydrogen fuel remaining on-board
the vehicle.

Another vehicle condition that may be monitored locally or
remotely is hydrogen fuel level. Using data collected from
tank pressure sensors, temperature sensors, known tank vol-
ume, fuel consumption calculations, vehicle location, etc., a
predicted time at which vehicle refueling is necessary may be
determined. This information may be calculated in an auto-
matic fashion and displayed to the vehicle operator. Addition-
ally, one or more alarms may sound indicating that on-board
fuel is low and that refueling is necessary. Notably, this alert
may be based on the location ofthe vehicle, the distance to the
nearest hydrogen refueling station, the desired destination,
average driving characteristics, etc.

Appropriate sensors at hydrogen refueling stations may be
configured to detect the amount of hydrogen fuel available at
those stations, and transmit the amount of available hydrogen
fuel to the remote system 102 and/or the on-board system
100. This information may be used to locate the most suitable
hydrogen refueling station for a particular vehicle location,
destination, etc. The on-board system 100 may be configured
to display directions to the nearest refueling station, prices,
etc. The refueling station sensors and/or the remote system
102 may be configured to monitor or transmit available fuel
levels to notify fuel suppliers when particular fuel station
hydrogen levels are low or below a predefined level.

The remote system 102 may also detect, based on reported
vehicle parameters, that a hydrogen vehicle has run out of fuel
remote from a refueling station. A mobile refueling vehicle
may be automatically or manually dispatched to the stranded
hydrogen vehicle.

Because certain regulatory agencies or municipalities may
regulate an amount of hydrogen fuel per geographic area, e.g.
within a given parking lot, parking structure, or city center, an
embodiment of the present invention may be configured to
detect the amount of hydrogen on-board all hydrogen-pow-
ered vehicles within a regulated geographic area. If the hydro-
gen concentration for that geographical area is near or above
acceptable limits, appropriate actions may be initiated. For
example, a signal may be sent to certain on-board systems
100 notifying vehicle operators of the condition. Driving
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instructions for leaving or detouring around the restricted area
may be provided to the operator. In the event a hydrogen
density limit is exceeded and cannot be appropriately allevi-
ated, appropriate responders may be notified in a manual or
automatic fashion.

Regulatory agencies or municipalities may also regulate,
prohibit, or otherwise restrict the presence of stored hydrogen
or hydrogen vehicles in certain areas, e.g. tunnels, parking
garages or other enclosed structures. Based on the geographi-
cal location of these areas, and reported hydrogen vehicle
position information, an embodiment of the present invention
may be configured to automatically notify the vehicle opera-
tor of the existence and location of such areas, and provide
appropriate instructions or directions for avoiding and detour-
ing around such areas.

In the event that an operator ignores such a warning, or a
hydrogen powered vehicle is otherwise located in such a
restricted area, a variety of other measures may be taken
including contacting appropriate responders, instructing the
vehicle operator to pull off the road and turn off the vehicle,
and remotely powering down or otherwise disabling the
vehicle.

It is recognized that oil consumption by a hydrogen-pow-
ered internal combustion engine equipped vehicle is impor-
tant because it may signal engine trouble and/or produce
emissions of carbon dioxide and hydrocarbons. Excessive oil
consumption by a hydrogen-powered vehicle may be
detected based on reported vehicle parameters including
without limitation exhaust CO,, engine RPM, torque, mass
airflow, equivalence ratio, etc. The actual mass emissions of
exhaust CO, may be compared to expected exhaust CO, mass
flow based on dynamometer measurements. If actual exhaust
CO, exceeds a predefined threshold, a signal indicating that
excessive oil consumption is occurring may be generated. In
such a case, a driver may be automatically notified of the
probable existence of excessive oil consumption, and instruc-
tions to the closest capable repair facility may be provided.
Additionally, an appropriate repair facility may be manually
or automatically notified that such a vehicle condition exists,
and that a vehicle will be arriving for repair.

Based on data such as vehicle position information, speed
information, calibration settings, exhaust CO,, exhaust NO,,
etc., the exhaust air quality of the vehicle may be calculated
and compared with known air quality regulations in different
geographical regions (e.g. city center, air quality control
zone, green state restriction, rural conditions, etc.). If current
exhaust air quality calculations for the vehicle do not indicate
that the exhaust air quality meets or exceeds the appropriate
regulation, engine operating conditions may be automatically
adjusted to improve exhaust air quality to an appropriate
level. Adjustments may be initiated locally at the vehicle or
from the remote system 102. For example, engine air fuel
ratio may be varied relative to stoichiometric conditions.
Additionally, lean NO, trap purge cycle and timing may be
regulated to minimize NO, emissions within regulated areas.

Vehicle load may be estimated based on vehicle data
including throttle position, vehicle position, speed, accelera-
tion and GPS vertical position (e.g. calculation of grade). For
example, actual acceleration based upon vehicle speed and
position changes may be compared to expected acceleration
from throttle position to estimate vehicle load. This vehicle
load may be compared to vehicle load restrictions in certain
geographical areas. If the vehicle load exceeds the maximum
acceptable load for a particular geographical area, the driver
and/or appropriate authorities may be automatically or manu-
ally notified.
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Vehicle parameters may also be collected, analyzed and
acted on locally at the vehicle on board system 100, with or
without involvement of the remote system 102.

Information stored in the database 122 may be used to
perform a plurality of data analyses, diagnosis and prognosis.
This information may be made accessible to field personnel
having an interface tablet 104. Field personnel may access
and query database 122 to monitor vehicle status and behav-
ior.

Collected data may indicate real-world driving patterns
and conditions for hydrogen-fueled vehicles. This informa-
tion may be useful for determining vehicle mean time to
failure, miles to failure, failure modes, durability, customer
acceptance, driver behavior, operating conditions, etc. Driv-
ing patterns may be used to more effectively develop and
locate fuel stations, repair garages, etc.

Criteria relevant to hydrogen engine development chal-
lenges and innovations may also be monitored. For example,
because hydrogen fuels lack lubrication, valve and valve seat
durability may be determined based on a comparison between
expected and actual vehicle torque. CO2 criteria may be
monitored to determine oil consumption. Monitoring of
injector pulsewidth and fuel consumption may indicate fuel
injector sticking.

Tablet system 104 may communicate with the remote sys-
tem 102 to retrieve information for individual vehicles or
vehicle fleets. Remote system 102 may also transmit infor-
mation to the tablet 104 in an automatic fashion. For example,
an alert may be communicated to a tablet system communi-
cating a particular condition, or instructions for reacting to
such a condition.

The tablet system 102 may be used by field personnel for
tracking, reporting, diagnosing and servicing hydrogen pow-
ered vehicles. The tablet system may also be used by fleet
managers, law enforcement officials, emergency responders,
etc.

While the above embodiments are described with respect
to a hydrogen-powered vehicle, it is recognized by those in
the art that embodiments of the present invention are equiva-
lently applicable to vehicles deriving power from hydrogen
combustion, hydrogen fuel cells, or hybrid power systems
that include hydrogen.

While the best mode for carrying out the invention has been
described in detail, those familiar with the art to which this
invention relates will recognize various alternative designs
and embodiments for practicing the invention.

What is claimed:

1. A method for remotely monitoring hydrogen vehicle
status, the method comprising:
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in a hydrogen-powered vehicle, sensing a plurality of
vehicle status criteria relating to operation of the hydro-
gen vehicle;

transmitting a signal representing one or more of the status

criteria to a computer remote from the vehicle;
processing the one or more status criteria at the computer
remote from the vehicle to determine if an action must be
taken to alleviate a problem condition wherein the prob-
lem to be alleviated is a hydrogen release;
automatically selecting one or more actions to be taken to
alleviate a problem condition; and
transmitting a signal representing the one or more actions
to be taken to a module on-board the vehicle, the module
being configured to initiate the one or more actions to be
taken.

2. The method of claim 1, wherein the hydrogen release is
determined by:

calculating a hydrogen mass of an on-board hydrogen tank

and the hydrogen fuel mass consumed; and

comparing a reduction in the hydrogen mass of the on-

board hydrogen tank and the hydrogen fuel mass for a
predetermined time period.

3. The method of claim 1 wherein the problem to be alle-
viated is a low fuel level based on a distance to a nearest
hydrogen refueling station.

4. The method of claim 1 wherein the problem to be alle-
viated is the vehicle operating in a geographic area in viola-
tion of a hydrogen regulation.

5. The method of claim 1 wherein the problem to be alle-
viated is exhaust air quality in violation of an exhaust air
quality regulation for a geographical area in which the vehicle
is operating or approaching.

6. The method of claim 1 wherein the problem to be alle-
viated is vehicle weight in violation of a vehicle weight regu-
lation for a geographical area in which the vehicle is operating
or approaching.

7. The method of claim 1 additionally comprising display-
ing information representing one or more vehicle status con-
ditions or the action to be taken on a presentation module.

8. The method of claim 1 wherein the vehicle status criteria
consist of one or more of the following: vehicle location,
vehicle speed, vehicle direction, engine RPM, fuel injector
pulse width, mass air flow rate, fuel consumption rate, mani-
fold absolute pressure, equivalence ratio, hydrogen tank pres-
sure, hydrogen tank temperature, NOx level, and CO, level.

9. The method of claim 1 wherein the action includes
communicating driving directions to a vehicle operator.
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