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(57) Abstract

The vertical speed of an aircraft is determined in a manner independent of signals provided by an air data computer, an inertial
reference system and an inertial navigation system. A first vertical velocity of the aircraft is determined based upon pressure altitude values
obtained from a barometric altimeter. A second vertical velocity is obtained from GPS receiver. The first and second vertical velocities
are then combined to determine the vertical speed of the aircraft by complimentarily filtering the first and second vertical velocities. More
particularly, the first vertical velocity is typically low pass filtered to remove high frequency noise that is attributable to the relatively low
resolution of the first vertical velocity value. Additionally, the second vertical velocity is typically high pass filtered to reduce errors due

to long-term drift.
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METHOD AND APPARATUS FOR DETERMINING THE VERTICAL SPEED OF

AN AIRCRAFT

FIELD OF THE INVENTION
The present invention relates generally to methods, apparatus and computer
program products for determining the vertical speed of an aircraft and, more particularly, to
methods, apparatus and computer program products for determining the vertical speed of

an aircraft for use in a ground proximity warning system.

BACKGROUND OF THE INVENTION

Within aviation, the vertical speed or vertical velocity of an aircraft is an important
flight parameter and is utilized in a variety of different manners. For example, a traffic
collision avoidance system (TCAS) utilizes the vertical speed of an aircraft in its
determination of aircraft separation and the performance of other navigation maintenance
management functions.

A measure of the vertical speed of an aircraft can be provided by one of several
different types of avionics equipment conventionally carried by commercial aircraft. For
example, an inertial navigation system (INS) or an initial reference system (IRS) can
provide signals indicative of the vertical speed. as well as the acceleration. attitude,
altitude. position, magnetic heading/track, true heading/track and ground speed of an
aircraft. Alternatively. an air data computer (ADC) can provide signals indicative of
vertical speed. as well as the altitude, the computed airspeed. the corrected altitude, the true
airspeed and the static air temperature.

By way of example, one particularly significant avionics subsystem that utilizes the
vertical speed of the aircraft, as well as a number of other flight parameters, is a ground
proximity warning system. Ground proximity warning systems. also known as terrain
awareness systems, analyze the flight parameters of the aircraft. including the vertical
speed, and the terrain surrounding the aircraft. Based on this analysis, these warning
systems provide alerts to the flight crew concerning possible inadvertent collisions of the
aircraft with surrounding terrain or other obstacles. including instances in which the flight

path of the aircraft would appear to bring the aircraft in short of the runway.
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Ground proximity warning systems often have several modes in order to provide
various types of alerts depending upon the flight conditions. For example, the enhanced
ground proximity warning system provided by Honeywell, Inc. has six primary modes of
operation, at least two of which are dependent upon the vertical speed of the aircraft. In
this regard, Mode 1 is designed to provide alerts for an aircraft having an excessive descent
rate, i.e., a negative vertical velocity with an excessively large magnitude, that is relatively
close to the underlying terrain. Mode 2 provides an alert in instances in which an aircraft
is closing with the terrain at an excessive rate, even in instances in which the aircraft is not
descending. Mode 3 provides alerts in instances in which an aircraft loses significant
altitude immediately after take off or during a missed approach. Mode 3 is activated and
deactivated, however, based upon the vertical velocity of the aircraft. Mode 4 provides
alerts for insufficient terrain clearance based upon the phase of flight and the speed of the
aircraft. In this regard, Mode 4 provides alerts based upon different criteria depending
upon whether the aircraft is in the take off phase of flight or in the cruise or approach
phases of flight and further depending upon whether the gear is in a landing configuration.
Mode 5 also provides two levels of alerts when the aircraft flight path descends below the
glideslope beam on front course instrument landing system (ILS) approaches. Finally,
Mode 6 provides alerts or call-outs for descent below predefined altitudes or the like
during an approach, as well as alerts for excessive roll or bank angles.

In addition to the various modes of operation, the enhanced ground proximity
warning system provided by Honeywell, Inc. defines an alert envelope and, more
particularly, both a caution envelope and a warning envelope. The imaginary alert
envelopes move with the aircraft and are constructed to extend forwardly of the aircraft
and to define a region in which alerts will be generated if terrain or other obstacles enter by
penetrating one of the alert envelopes. In this regard, U.S. Patent No. 5,839,080 to Hans R.
Muller et al. and assigned to AlliedSignal Inc. describes an advantageous ground proximity
warning system that generates an alert envelope. The contents of U.S. Patent No.
5,839,080 are hereby incorporated by reference in their entirety.

As described by U.S. Patent No. 5,839,080, an alert envelope is defined by a
number of parameters, including a look ahead distance (LAD), a base width (DOFF) and a
terrain floor (  H). In general terms, the look ahead distance defines the distance in

advance to the aircraft that the alert envelope extends. Similarly, the base width is the
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lateral width of the alert envelope at a location proximate the aircraft. Further, the terrain
floor typically defines a vertical distance below the aircraft that is utilized during the
construction of the floor of the alert envelope. Oftentimes, the terrain floor slopes
downwardly or upwardly depending upon the flight path angle of the aircraft which, in
turn, is at least partially dependent upon the vertical speed of the aircraft. Accordingly, the
construction of the alert envelope is partly dependent upon the vertical speed of the
aircraft.

As described by U.S. Patent No. 5,839,080, the ground proximity warning system
can construct a pair of alert envelopes, namely, a caution envelope and a warning envelope,
that are each partly dependent upon the vertical speed of the aircraft as described above.
While each envelope has a similar shape as described above, the caution envelope typically
extends further ahead of the aircraft than the warning envelope and is therefore generally
larger than the warning envelope. Accordingly, the ground proximity warning system will
generate cautionary alerts in instances in which the upcoming terrain or other obstacles
penetrate the caution envelope, but not the warning envelope. Once the upcoming terrain
or other obstacles penetrate the warning envelope, however, the ground proximity warning
system will generate a more severe warning alert. As such, a pilot can discern the severity
of the alert and the speed with which evasive maneuvers must be taken in order to avoid
the upcoming terrain or other obstacles based upon the type of alert that is provided, i.e., a
less severe cautionary alert or a more severe warning alert.

While ground proximity warning systems have substantially improved the
situational awareness of flight crews of commercial aircraft by providing a variety of alerts
of upcoming situations that merit the attention of the flight crews and by providing
graphical displays of the upcoming terrain, obstacles and other notable features, ground
proximity warning systems generally require a relatively robust set of input parameters,
including the vertical speed of the aircraft as noted above. For example, conventional
ground proximity warning systems require a signal indicative of the radio altitude from a
radio altimeter, signals indicative of the altitude, the computed airspeed, the corrected
altitude, the barometric altitude rate, i.e., the vertical speed, the true airspeed and the static
air temperature from an Air Data Computer (ADC), signals indicative of the position, the
magnetic track and the corrected altitude from a Flight Management System (FMS),

signals indicative of the acceleration, attitude, altitude, vertical speed, position, magnetic
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heading/track, true heading/track and ground speed from an inertial reference system
(IRS), an inertial navigation system (INS) and/or an attitude heading reference system
(AHRS), signals indicative of the position, position quality, altitude, ground speed, ground
track, date, time and status from a global navigation positioning system (GNPS) or a
global positioning system (GPS) (hereinafter collectively referenced as a GPS), signals
indicative of the glideslope deviation, a localizer deviation and the selected runway
coordinates from an instrument landing system (ILS) and/or a microwave landing system
(MLS) as well as other signals from other avionic subsystems. Therefore, for a
conventional ground proximity warning system to be fully functional, the aircraft must not
only carry the ground proximity warning system, but must also have a number of other
subsystems, such as a radio altimeter, an ADC, an FMS, an IRS, an INS or an AHRS, a
GPS and an ILS or a MLS. As will be apparent, each of these subsystems is quite
expensive. However, most large commercial aircraft are mandated to have most, if not all,
of these subsystems, such that the input parameters required by a conventional ground
proximity warning system are readily available.

In contrast to commercial aircraft, general aviation aircraft, such as light turbine
and piston aircraft, are not required to have many of the foregoing subsystems and, as a
result, do not carry most of the foregoing subsystems since each subsystem is quite
expensive. For example, most general aviation aircraft do not include a radio altimeter, an
ADC, an INS or an IRS. Even though GPS is becoming increasingly more affordable and
many general aviation aircraft therefore carry GPS equipment, conventional ground
proximity warning systems cannot function properly based upon the parameters provided
solely by the GPS without input from a variety of other subsystems that are not generally
carried by general aviation aircraft. As such, a ground proximity warning system has been
developed by Honeywell, Inc. that is specifically designed to operate based upon a reduced
set of input parameters as described by U.S. Patent Application Serial No. 09/534,222
entitled Ground Proximity Warning System and Method Having a Reduced Set of Input
Parameters filed March 24, 2000.

With respect to vertical speed, most general aviation aircraft do not carry the
avionics subsystems that typically provide signals indicative of the vertical speed of the
aircraft. In this regard, most general aviation aircraft do not carry an ADC, an INS or an

IRS that typically provide signals indicative of the vertical speed for commercial aircraft.
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However, general aviation aircraft do have several options for obtaining a vertical speed
value. For example, for general aviation aircraft that carry a GPS unit, the GPS unit may
provide signals indicative of the vertical velocity of the aircraft. In addition, the GPS unit
will provide signals indicative of the altitude of the aircraft from which the vertical speed
of the aircraft can be determined by calculating the rate of change of the altitude of the
aircraft. While the value of vertical velocity obtained from a GPS unit, either directly or
by derivation from the altitude values, has relatively good resolution, such as 1 foot, the
vertical velocity obtained from a GPS unit is subject to drift such that over the long term
the vertical velocity obtained from a GPS unit is less reliable than generally desired.

General aviation aircraft also include means for determining the pressure altitude
from which the vertical speed can be calculated based upon the rate of change of the
pressure altitude. As described in U.S. Patent Application Serial No. 09/255,670 entitled
"Method and Apparatus for Determining Altitude" filed February 23, 1999, however,
pressure altitude is subject to some errors based upon the calculation of pressure altitude
from the actual outside air pressure, i.e., a local pressure measurement, as well as assumed
internationally agreed standard atmosphere (ISA) values for pressure at sea level,
temperature at sea level and temperature lapse rate, i.e., the assumed variation of
temperature as a function of altitude. See Introduction to Flight, 3 Edition (McGraw-Hill
Series in Aeronautical and Aerospace Engineering), p. 79 (Nov. 1988). For example, most
general aviation aircraft include an altitude encoder for measuring the pressure altitude,
albeit only to a resolution of 100 feet. While some blind encoders offer better resolution
than altitude encoders, blind encoders are still limited to a resolution of about 10 feet. As
such, while general aviation aircraft do include means for determining the pressure altitude
from which the vertical speed can be calculated, the estimation of vertical speed derived
from the rate of change of the pressure altitude will have an undesirably poor resolution.

General aviation aircraft typically fly at much lower altitudes and in much closer
proximity to the underlying terrain and other obstacles than commercial aircraft and would
therefore appear to have at least as great, if not greater, of a need for an accurate measure
of the vertical speed of the aircraft for use in a ground proximity warning system and the
like. However, general aviation aircraft cannot generally generate an accurate

representation of the vertical speed of the aircraft since general aviation aircraft do not
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carry the other subsystems, such as an INS, an IRS and an ADC, that are utilized by

commercial aircraft to measure vertical speed.

SUMMARY OF THE INVENTION

A method, an apparatus and a computer program product are provided according to
the present invention for accurately determining the vertical speed of an aircraft in a
manner independent of signals provided by an air data computer, an inertial reference
system and an inertial navigation system. The method, apparatus and computer program
product of the present invention are therefore particularly well suited for general aviation
aircraft that do not include some of the more expensive avionics subsystems, but that
require an accurate estimation of the vertical speed of the aircraft for use in a ground
proximity warning system and the like.

According to the present invention, a first vertical velocity of the aircraft is
determined based upon a pressure altitude value associated with the aircraft. Typically, the
first vertical velocity of the aircraft is determined by the rate of change of a pressure
altitude value over time. The pressure altitude can be measured by a variety of
instruments, including an altitude encoder, a blind encoder and the like. According to the
present invention, a second vertical velocity of the aircraft is also obtained from a GPS
receiver carried by the aircraft. In one embodiment, the second vertical velocity of the
aircraft is obtained by receiving a series of altitude values from the GPS receiver over time
and then determining the rate of change of the altitude values provided by the GPS
receiver. In order to further improve the accuracy of the second vertical velocity, the rate
of change of the altitude values provided by the GPS receiver can also be low pass filtered.
Alternatively, the second vertical velocity of the aircraft can be obtained directly from a
GPS receiver that is designed to measure the vertical velocity of the aircraft.

According to the present invention, the first and second vertical velocities are
combined to determine the vertical speed of the aircraft. In this regard, the first and second
vertical velocities are combined in such a manner to compensate for potential errors in the
first and second vertical velocities. As such, the resulting vertical speed of the aircraft is
more accurate than either of the first and second vertical velocities taken individually. In
this regard, the first and second vertical velocities are combined by complimentarily

filtering the first and second vertical velocities. More particularly, the first vertical
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velocity is preferably low pass filtered to remove high frequency noise that is attributable
to the relatively low resolution of the first vertical velocity value. Additionally, the second
vertical velocity is preferably high pass filtered to reduce errors due to long-term drift.
Thus, the vertical speed of the aircraft is determined according to the present invention so
as to have the best attributes of both the first and second vertical velocity values while
eliminating the most common types of errors included within the first and second vertical
velocity values. Thus, the present invention should provide an accurate estimation of the
vertical speed of the aircraft, even though the vertical speed is not measured by an ADC,
an INS or an IRS.

In order to further improve the accuracy with which the vertical speed of the
aircraft is determined, at least one of the first and second vertical velocities can be
weighted based upon its respective resolution. For example, the first vertical velocity can
be weighted based upon the resolution of the pressure altitude value from which the first
vertical velocity is derived. Thus, a first vertical velocity derived from pressure altitude
values provided by an altitude encoder can be discounted to a greater degree than a first
vertical velocity that is based upon pressure altitude values measured by a blind encoder
since the blind encoder has a greater resolution than an altitude encoder.

According to one embodiment, the validity of the signals provided by the GPS
receiver, including the signals from which the second vertical velocity of the aircraft is
obtained, is monitored to insure that the vertical speed of the aircraft is only based upon
valid data. In this regard, it is determined if at least a predetermined number of satellites
are in view of the GPS receiver. If less than the predetermined number of satellites are in
view of the GPS receiver, the second vertical velocity is maintained equal to its prior
value, such as the last value of the second vertical velocity that was obtained based upon at
least the predetermined number of satellites being in view of the GPS receiver. If less than
the predetermined number of satellites are in view of the GPS receiver for a continuous
period that is at least as great as a predetermined time, a signal can be provided to indicate
that the vertical speed is unreliable since the last valid value of the second vertical velocity
may no longer be representative of the vertical speed of the aircraft.

According to one aspect of the present invention, the vertical speed of the aircraft is
determined by an apparatus that includes a processor that determines the first vertical

velocity of the aircraft based upon pressure altitude values, obtains a second vertical
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velocity from a GPS receiver and is adapted to combine the first and second vertical
velocities to determine the vertical speed of the aircraft, such as by complimentarily
filtering the first and second vertical velocities. According to another aspect of the present
invention, the vertical speed of the aircraft is determined by a computer program product
that includes a computer readable storage medium having computer readable program code
means embodied therein. The computer readable program code means includes first
computer instruction means for determining the first vertical velocity of the aircraft based
upon pressure altitude values, second computer instruction means for obtaining a second
vertical velocity of the aircraft from a GPS receiver and a third computer instruction means
for combining the first and second vertical velocities to determine the vertical speed of the
aircraft.

By combining the vertical velocity of the aircraft that is premised upon pressure
altitude and obtaining the vertical velocity of the atrcraft from the GPS receiver, an
accurate estimation of the vertical speed of the aircraft can be obtained since the first and
second vertical velocities are combined in such a manner that those errors inherent in the
first and second vertical velocities are attenuated, thereby obtaining a measure of the
vertical speed that is more accurate than either the first or second vertical velocity value is
individually. By determining the vertical speed of the aircraft based upon pressure altitude
signals and signals provided by a GPS receiver, however, the vertical speed of the aircraft
can be determined in a manner independent of signals provided vy a an ADC, an IRS or an
INS. Thus, the method, apparatus and computer program product of the present invention
are particularly well suited for general aviation aircraft that may include a GPS receiver,

but that typically do not include more expensive subsystems, such an ADC, an IRS or an
INS.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of an apparatus for determining the vertical speed of an
aircraft according to one embodiment of the present invention.
Figure 2 illustrates the operations performed to determine the vertical speed of an
aircraft according to one embodiment of the present invention.
Figure 3 illustrates the operations performed to determine the vertical speed of an

aircraft according to another embodiment of the present invention.
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Figure 4 illustrates the operations performed by the method, apparatus and
computer program product to determine the vertical speed of an aircraft according to one

embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention now will be described more fully hereinafter with reference
to the accompanying drawings, in which preferred embodiments of the invention are
shown. This invention may, however, be embodied in many different forms and should
not be construed as limited to the embodiments set forth herein; rather, these embodiments
are provided so that this disclosure will be thorough and complete, and will fully convey
the scope of the invention to those skilled in the art. Like numbers refer to like elements
throughout.

Referring now to Figure 1, a block diagram depicting an apparatus for determining
the vertical speed of an aircraft according to one embodiment of the present invention is
depicted. As generally illustrated, the apparatus includes a processor 10 for
communicating with an instrument 12 for measuring pressure altitude values and with a
GPS receiver 14 and for determining the vertical speed of the aircraft. The processor can
then provide the vertical speed of the aircraft to a ground proximity warning system or
other avionics subsystems, such as TCAS, as desired. In this regard, the ground proximity
warning system can utilize the vertical speed of the aircraft in the generation of Mode 1
alerts, i.e., those alerts triggered by an excessive descent rate near the terrain, and Mode 3
alerts that are frequently activated and deactivated based upon the vertical speed of the
aircraft, i.e., Mode 3 alerts are only issued while the aircraft is descending. The ground
proximity warning system can also utilize the vertical speed of the aircraft in the
construction of the terrain caution and warning envelopes.

Typically, the processor 10 is a data processing device, such as a microprocessor, a
microcontroller or other central processing unit. However, the processor can be embodied
in another logic device such as a DMA (direct memory access) processor, an integrated
communication processor device, a custom VLSI (very large scale integration) device, or
an ASIC (application specific integrated circuit) device. Moreover, the processor can be
any other type of analog or digital circuitry or any combination of hardware and software

that is designed to perform the processing functions described hereinbelow.
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The processor 10 can receive the pressure altitude from a number of instruments
12. For example, the processor can accept pressure altitude from an altitude encoder that
provides Gillham/Gray coded altitude data or a blind encoder, either individually or in
combination with an altitude serializer. Altitude encoders generally have the poorest
resolution, typically on the order of 100 feet, but are the most widely available sources of
pressure altitude readings. In contrast, blind encoders typically have better resolution, such
as about 10 feet, but are not as commonly deployed. As will be discussed hereinafter, the
resolution of each instrument can be taken into account by the processor in the
determination of the vertical speed of the aircraft. As used herein, pressure altitude
generally refers to an uncorrected pressure altitude. In instances in which the pressure
altitude can be corrected, however, such as in instances in which the pilot can enter the
local air pressure, pressure altitude refers to the corrected pressure altitude. Thus, pressure
altitude will be used generically herein for both corrected and uncorrected pressure
altitude.

The processor 10 can also interface with a variety of GPS receivers 14 including an
AlliedSignal Global GNS-XLS/2100 receiver as well as Honeywell GPS receivers bearing
Model Nos. HG2021 and HT9100, either directly or via a GPS Express circuit board.
Regardiess of the type, the GPS unit will typically provide signals indicative of the GPS
altitude as well as signals indicative of the latitude and longitude of the aircraft, the ground
speed of the aircraft, the ground track angle of the aircraft (also known as the true track
angle of the aircraft) and an indication of the quality of the navigation solution provided by
the GPS unit. In addition, at least some GPS units will provide signals indicative of the
vertical velocity of the aircraft. While the measure of the vertical velocity provided by the
GPS unit has relatively good resolution, such as to within 1 foot, the measure of the
vertical velocity provided by the GPS unit has a slowly varying error due to selective
availability (SA), which is the result of intentional dithering of the satellite clock. As such,
the vertical velocity provided by the GPS unit can disadvantageously drift over time.

In addition to GPS altitude, latitude, longitude, ground speed, ground track angle,
signal quality and, in at least some embodiments, vertical velocity, the processor 10 can
also receive and process several additional GPS signals including signals indicative of the
number of satellites being tracked, the results of Receiver Autonomous Integrity

Monitoring (RAIM) and an altitude aiding flag. As known to those skilled in the art, the

-10 -



10

15

20

25

30

WO 00/70354 PCT/US00/13169

results of RAIM provide an indication as to whether respective satellites are providing
inaccurate data, while the altitude aiding flag identifies instances in which the GPS
receiver 14 is communicating with less than a predetermined number, such as four,
satellites. As will be described below, the processor may discount the GPS altitude and/or
the GPS vertical velocity in instances in which the GPS receiver is communicating with
less than a predetermined number of satellites since the signals provided by the GPS
receiver will be much less precise.

According to the present invention, the processor 10 obtains first and second
measures of the vertical velocity of the aircraft and thereafter combines the first and second
measures of the vertical velocity to accurately determine the vertical speed of the aircraft.
As described below, the processor derives the first vertical velocity from the pressure
altitude and obtains the second vertical velocity from the GPS unit. With respect to the
first vertical velocity and as depicted in Figure 2 and blocks 20 and 22 of Figure 4, the
processor receives a series of pressure altitude values over time and determines the rate of
the change of the pressure altitude values. The processor also generally multiplies the
resulting rate of change by 60 to convert to feet per minute as opposed to feet per second in
order to obtain the first vertical velocity, designated as HpDot in Figure 2. See block 24.

With respect to the second vertical velocity, the processor 10 obtains the second
vertical velocity differently depending upon whether the GPS receiver 14 provides a
vertical velocity value or merely provides GPS altitude. If the GPS receiver provides
signals indicative of the vertical velocity of the aircraft, the processor defines the second
vertical velocity to be equal to the vertical velocity value provided by the GPS receiver.
See blocks 26 and 28. If the GPS receiver does not provide vertical velocity, however, the
processor receives a series of GPS altitude values over time and determines the rate of the
change of the GPS altitude values. See blocks 30 and 32. The processor then multiplies
the rate of change by 60 to convert to feet per minute as opposed to feet per second in
order to obtain the second vertical velocity designated HgDot in Figure 2. See block 34.
As shown in Figure 2 and in block 36 of Figure 4, the processor can also low pass filter the
second vertical velocity in order to remove high frequency noise and to smooth the
resulting vertical velocity. While the low pass filter can be implemented in various

fashions, the low pass filter of one embodiment is a three sample median filter.
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The processor 10 then combines the first and second vertical velocities to determine
the vertical speed of the aircraft. See block 38. In particular, the processor combines the
first and second vertical velocities so as to include the best attributes of the first and second
vertical velocities, while at least partially filtering or attenuating their less desirable
attributes. For example, the processor preferably combines the first and second vertical
velocities to determine the vertical speed of the aircraft in such a manner that the vertical
speed has the resolution of the second vertical velocity, i.e., the vertical velocity obtained
from the GPS receiver, and the long term stability of the first vertical velocity, i.e., the
vertical velocity based upon pressure altitude. Moreover, the processor preferably
combines the first and second vertical velocities in such a manner that the resulting vertical
speed is not significantly adversely affected by either the drift of the second vertical
velocity, i.e., the vertical velocity obtained from the GPS receiver, or the relatively poor
resolution of the first vertical velocity, i.e., the vertical velocity based upon pressure
altitude.

As such, the processor 10 preferably implements a complementary filter to combine
the best attributes of the first and second vertical velocities. Although the complementary
filter can be designed in a number of different manners, the complementary filter of the
illustrated embodiment initially divides the difference between the first vertical velocity,
i.e., the vertical velocity derived from pressure altitude, and the prior output of the
complementary filter (as a result of the feedback described below) by a filter time constant,

, and then integrates the result. See blocks 50 and 52 of Figure 2, respectively. By
dividing by the filter time constant, the complementary filter can effectively weight the
first vertical velocity. Preferably, the complementary filter weights the difference between
the first vertical velocity and the prior filter output depending upon the resolution of the
pressure altitude from which the first vertical velocity was derived, with greater time
constants and, therefore, less weight being given to pressure altitude values having poorer
resolution. In one embodiment, the processor selects the time constant  as follows:

Resolution of
Pressure Altitude

100 feet 60
10 feet 30
1 foot 10

-12-
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However, the time constant  need not be defined in terms of a few discrete values,
but can be defined by a mathematical function that is typically at least partially dependent
upon the resolution of the pressure altitude values.

So long as the aircraft is determined to be in the air, the processor 10 then sums the
vertical velocity components obtained from the pressure altitude and the GPS receiver 14
to determine the vertical speed of the aircraft in feet per minute. See block 54 of Figure 2.
As shown, the processor can also negatively feed back the sum of the vertical velocity
components such that the resulting vertical speed of the aircraft is actually defined as
follows:

HgDot *1S8 N HpDot
w5 -1 w5 +1

As the above equation illustrates, the processor 10 therefore effectively low pass

Vertical Speed =

filters the first vertical velocity, i.e., the vertical velocity derived from pressure altitude, to
reduce the high frequency noise. In contrast, the processor effectively high pass filters the
second vertical velocity, i.e., the vertical velocity obtained from the GPS receiver 14, to
reduce long term offset errors, i.e., drift.

Accordingly, the processor 10 of the embodiment depicted in Figure 2 bases the
determination of the vertical speed of the aircraft primarily upon the second vertical
velocity obtained from the GPS receiver 14 due to its relatively good resolution with some
corrections for drift or other trends away from the pressure altitude derived vertical
velocity. Thus, the processor of the present invention effectively combines the best
attributes of both the pressure altitude derived vertical velocity and the GPS derived
vertical velocity to accurately determine the vertical speed of the aircraft.

As described above, the processor 10 can obtain the second vertical velocity either
directly from a measure of the vertical velocity provided by the GPS receiver 14 or
indirectly based upon the rate of change of the GPS altitude. Since vertical velocity based
upon the rate of change of GPS altitude may tend to lag the somewhat, the processor is
preferably designed to obtain the second vertical velocity directly from the GPS receiver, if
the GPS receiver actually provides a measure of the vertical velocity. In this regard,
Figure 2 includes a switch 56 that selects the available GPS vertical velocity, not GPS
altitude, as an input if the GPS vertical velocity is available and that selects GPS altitude as

an input if the GPS vertical velocity is not available. The design of the processor can be
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simplified, however, if it is known in advance that the GPS receiver will provide a measure
of vertical velocity. In this regard, Figure 3 depicts the simplified operations performed by
a processor that is designed to work with a GPS receiver that is known to provide a
measure of vertical velocity.

Although not necessary for the present invention, the processor 10 can also monitor
the number of satellites currently being tracked by the GPS receiver 14. In this regard, the
processor can determine if the GPS receiver is currently tracking at least a predetermined
minimum number of satellites, such as five in the illustrated embodiment. See block 40. If
the GPS receiver is tracking at least the predetermined minimum number of satellites, the
signals provided by the GPS receiver, including signals indicative of the GPS altitude and
vertical velocity, if available, will be considered valid and subjected to further processing.
If, however, the processor determines that the GPS receiver is currently tracking less than
the predetermined minimum number of satellites, the processor of this advantageous
embodiment will consider the signals that are currently being received from the GPS
receiver to be invalid or otherwise unreliable. In this case, the processor maintains the
second vertical velocity at a constant level, typically set equal to the immediately
preceding value of the second vertical velocity, i.e., the last value for the second vertical
velocity that is based on valid GPS signals. See block 42. The processor of this
embodiment then continues to monitor the GPS receiver such that once the GPS receiver
indicates that it is again tracking at least a predetermined minimum number of satellites,
the processor will again deem the signals provided by the GPS receiver to be valid and will
no longer hold the second vertical velocity to a constant value, but will resume updating of
the second vertical velocity based upon the current signals provided by the GPS receiver.

If the GPS receiver 14 tracks less than the predetermined minimum number of
satellites for an extended period of time, such as 30 or 60 seconds, the immediately
preceding value of the second vertical velocity may no longer be representative of current
vertical velocity of the aircraft. See block 44. As such, the processor 10 of this
embodiment can provide a signal indicating that the resulting value of the vertical speed is
invalid and otherwise untrustworthy until the GPS receiver resumes tracking at least the
predetermined minimum number of satellites. See block 46. Alternatively, the processor
can base the vertical speed of the aircraft entirely upon the first vertical velocity that is

derived from the pressure altitude until the GPS receiver resumes tracking at least the
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predetermined minimum number of satellites. As such, the processor of this embodiment
ensures that the value of the vertical speed of the aircraft is a true measure of the current
vertical speed of the aircraft.

As described above, the method and apparatus of the present invention can
accurately determine the vertical speed of an aircraft without reliance upon the relatively
expensive subsystems, such as an ADC, an IRS and an INS, that typically provide
measures of the vertical speed of commercial aircraft. Instead, the method and apparatus
of the present invention accurately determine the vertical speed of the aircraft based only
upon pressure altitude readings and signals provided by a GPS receiver 14, such as GPS
altitude or GPS vertical velocity. Thus, the method and apparatus of the present invention
is particularly significant for general aviation aircraft that do not commonly include the
expensive subsystems carried by commercial aircraft, such as an ADC, an IRS and an INS.

As described above, the vertical speed of the aircraft determined by the method and
apparatus of the present invention can be utilized in a number of manners by the aircraft
and, particularly, other avionic subsystems carried by the aircraft. For aircraft that include
a ground proximity warning system, for example, the vertical speed can be utilized in the
construction of the caution and warning envelopes. More particularly, the flight path
angle, which is dependent upon the vertical speed of the aircraft, is utilized to construct the
floors of both the caution and warning envelopes. In addition, ground proximity warning
systems rely upon the vertical speed of the aircraft to determine if the aircraft is descending
at an excessive rate while flying at a relatively low altitude above ground and will issue a
Mode 1 warning if this situation is detected. Furthermore, ground proximity warning
systems typically rely upon the vertical speed to actuate and deactuate the Mode 3
warnings as the aircraft descends and ascends, respectively.

In addition to providing methods and apparatus for determining the vertical speed
of an aircraft, the present invention also provides computer program products for
determining the vertical speed of an aircraft. The computer program products have a
computer readable storage medium having computer readable program code means
embodied therein. In one embodiment, the apparatus of Figure 1 can also include a
memory device 16 that serves as the computer readable storage medium such that the
processor can access the computer readable program code means embodied in the

computer readable storage medium to determine the first vertical velocity of the aircraft,
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obtain the second vertical velocity of the aircraft and thereafter combine the first and
second vertical velocities to determine the vertical speed of the aircraft.

In this regard, the computer readable program code means includes first computer
instruction means for determining the first vertical velocity of the aircraft based upon
pressure altitude values associated with the aircraft. The computer readable program code
means also includes second computer instruction means for obtaining the second vertical
velocity of the aircraft from the GPS receiver 14 carried by the aircraft. Further, the
computer readable program code means includes third computer instruction means for
combining the first and second vertical velocities to determine the vertical speed of the
aircraft. As described above, the third computer instruction means combines the first and
second vertical velocities by complimentarily filtering the first and second vertical
velocities, typically by low pass filtering the first vertical velocity and high pass filtering
the second vertical velocity, in order to determine the vertical speed of the aircraft. Thus,
the third computer instruction means combines the first and second vertical velocities so as
to determine the vertical speed of the aircraft in a manner independent of signals provided
by a radio altimeter, an ADC or an INS.

According to one embodiment, the computer readable program code means also
includes fourth computer instruction means for determining if at least a predetermined
number of satellites are in view of the GPS receiver 14 and fifth computer instruction
means for maintaining the second vertical velocity equal to a prior value if less than the
predetermined number of satellites are in view of the GPS receiver. Additionally, the
computer readable program code means can include sixth computer instruction means for
providing a signal to indicate that the vertical speed is unreliable if less than the
predetermined number of satellites are in view of the GPS receiver for a continuous period
at least as great as a predetermined time.

In this regard, Figures 2-4 are block diagram, flowchart and control flow
illustrations of methods, systems and program products according to the invention. It will
be understood that each block or step of the block diagram, flowchart and control flow
illustrations, and combinations of blocks in the block diagram, flowchart and control flow
illustrations, can be implemented by computer program instructions. These computer
program instructions may be loaded onto a computer or other programmable apparatus to

produce a machine, such that the instructions which execute on the computer or other
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programmable apparatus create means for implementing the functions specified in the
block diagram, flowchart or control flow block(s) or step(s). These computer program
instructions may also be stored in a computer-readable memory that can direct a computer
or other programmable apparatus to function in a particular manner, such that the
instructions stored in the computer-readable memory produce an article of manufacture
including instruction means which implement the function specified in the block diagram,
flowchart or control flow block(s) or step(s). The computer program instructions may also
be loaded onto a computer or other programmable apparatus to cause a series of
operational steps to be performed on the computer or other programmable apparatus to
produce a computer implemented process such that the instructions which execute on the
computer or other programmable apparatus provide steps for implementing the functions
specified in the block diagram, flowchart or control flow block(s) or step(s).

Accordingly, blocks or steps of the block diagram, flowchart or control flow
illustrations support combinations of means for performing the specified functions,
combinations of steps for performing the specified functions and program instruction
means for performing the specified functions. It will also be understood that each block or
step of the block diagram, flowchart or control flow illustrations, and combinations of
blocks or steps in the block diagram, flowchart or control flow illustrations, can be
implemented by special purpose hardware-based computer systems which perform the
specified functions or steps, or combinations of special purpose hardware and computer
instructions.

By combining the vertical velocity of the aircraft that is premised upon pressure
altitude and obtaining the vertical velocity of the aircraft from the GPS receiver 14, the
methods, apparatus and computer program products of the present invention provide an
accurate estimation of the vertical speed of the aircraft by combining the first and second
vertical velocities such that the sources of error inherent in the first and second vertical
velocities are attenuated, and the resulting measure of the vertical speed is more accurate
than either the first or second vertical velocity values are individually. By determining the
vertical speed of the aircraft based upon pressure altitude signals and signals provided by a
GPS receiver, the methods, apparatus and computer program products of the present
invention also determine the vertical speed of the aircraft in a manner independent of

signals provided by an ADC, an IRS or an INS. Thus, the methods, apparatus and
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computer program products of the present invention are particularly well suited for general
aviation aircraft that could utilize information relating to vertical velocity and that may
include a GPS receiver, but that typically do not include more expensive subsystems, such
as an ADC, an IRS or an INS that measure the vertical velocity of commercial aircraft

Many modifications and other embodiments of the invention will come to mind to
one skilled in the art to which this invention pertains having the benefit of the teachings
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be
understood that the invention is not to be limited to the specific embodiments disclosed and
that modifications and other embodiments are intended to be included within the scope of
the appended claims. Although specific terms are employed herein, they are used in a

generic and descriptive sense only and not for purposes of limitation.
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THAT WHICH IS CLAIMED:
1. A method for determining vertical speed of an aircraft comprising:

determining a first vertical velocity of the aircraft based upon a pressure
altitude value associated with the aircraft;

obtaining a second vertical velocity of the aircraft from a global positioning
system (GPS) receiver carried by the aircraft; and

combining the first and second vertical velocities to determine the vertical
speed of the aircraft, wherein combining the first and second vertical velocities comprises
complementarily filtering the first and second vertical velocities by low pass filtering the

first vertical velocity and high pass filtering the second vertical velocity.

2. A method according to Claim 1 wherein combining the first and second
vertical velocities further comprises weighting at least one of the first and second vertical

velocities based upon its respective resolution.

3. A method according to Claim 2 wherein weighting at least one of the first
and second vertical velocities comprises weighting the first vertical velocity based upon

the resolution of the pressure altitude value.

4. A method according to Claim 1 wherein determining the first vertical
velocity of the aircraft comprises determining a rate of change of the pressure altitude

value over time.

5. A method according to Claim 1 wherein obtaining the second vertical
velocity of the aircraft comprises:
receiving a series of altitude values from the GPS receiver over time; and

determining a rate of change of the altitude values provided by the GPS

receiver.

6. A method according to Claim 5 wherein obtaining the second vertical
velocity of the aircraft further comprises low pass filtering the rate of change of the altitude

values provided by the GPS receiver.
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7. A method according to Claim 1 wherein obtaining the second vertical
velocity of the aircraft comprises receiving the second vertical velocity of the aircraft from

the GPS receiver.

8. A method according to Claim 1 wherein obtaining the second vertical
velocity of the aircraft comprises repeatedly obtaining values for the second vertical
velocity of the aircraft over time, and wherein the method further comprises:

determining if at least a predetermined number of satellites are in view of
the GPS receiver; and

maintaining the second vertical velocity equal to a prior value of the second
vertical velocity if less than the predetermined number of satellites are in view of the GPS

receiver.

9. A method according to Claim 8 further comprising providing a signal to
indicate that the vertical speed is unreliable if less than the predetermined number of
satellites are in view of the GPS receiver for a continuous period that is at least as great as

a predetermined time.

10.  An apparatus for determining vertical speed of an aircraft comprising:

a processor for determining a first vertical velocity of the aircraft based
upon a pressure altitude value associated with the aircraft, and for obtaining a second
vertical velocity of the aircraft from a global positioning system (GPS) receiver carried by
the aircraft,

wherein said processor is adapted to combine the first and second vertical
velocities to determine the vertical speed of the aircraft by complementarily filtering the
first and second vertical velocities, and wherein said processor is adapted to
complementarily filter the first and second vertical velocities by low pass filtering the first

vertical velocity and high pass filtering the second vertical velocity.
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11.  An apparatus according to Claim 10 wherein said processor is adapted to
combine the first and second vertical velocities by also weighting at least one of the first

and second vertical velocities based upon its respective resolution.

12. An apparatus according to Claim 11 wherein said processor weights at least
one of the first and second vertical velocities by weighting the first vertical velocity based

upon the resolution of the pressure altitude value.

13.  An apparatus according to Claim 10 wherein said processor determines the
first vertical velocity of the aircraft by determining a rate of change of the pressure altitude

value over time.

14.  An apparatus according to Claim 10 wherein said processor obtains the
second vertical velocity of the aircraft by receiving a series of altitude values from the GPS
receiver over time, and determining a rate of change of the altitude values provided by the

GPS recetver.

15.  An apparatus according to Claim 14 wherein said processor obtains the
second vertical velocity of the aircraft by also low pass filtering the rate of change of the

altitude values provided by the GPS receiver.

16.  An apparatus according to Claim 10 wherein said processor obtains the
second vertical velocity of the aircraft by receiving the second vertical velocity of the

aircraft from the GPS receiver.

17.  Anapparatus according to Claim 10 wherein said processor obtains the
second vertical velocity of the aircraft by repeatedly obtaining values for the second
vertical velocity of the aircraft over time, and wherein said processor is further adapted to
determine if at least a predetermined number of satellites are in view of the GPS receiver,
and to maintain the second vertical velocity equal to a prior value of the second vertical

velocity if less than the predetermined number of satellites are in view of the GPS receiver.
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18.  An apparatus according to Claim 17 wherein said processor is further
adapted to provide a signal to indicate that the vertical speed is unreliable if less than the
predetermined number of satellites are in view of the GPS receiver for a continuous period

that is at least as great as a predetermined time.

19. A method for determining vertical speed of an aircraft comprising:
determining a first vertical velocity of the aircraft based upon a pressure
altitude value associated with the aircraft;
obtaining a second vertical velocity of the aircraft from a global positioning
system (GPS) receiver carried by the aircraft; and
combining the first and second vertical velocities to determine the vertical
speed of the aircraft in a manner independent of signals provided by an air data computer

(ADC), an inertial reference system (IRS) and an inertial navigation system (INS).

20. A method according to Claim 19 wherein obtaining the second vertical
velocity of the aircraft comprises repeatedly obtaining values for the second vertical
velocity of the aircraft over time, and wherein the method further comprises:

determining if at least a predetermined number of satellites are in view of
the GPS receiver; and

maintaining the second vertical velocity equal to a prior value of the second
vertical velocity if less than the predetermined number of satellites are in view of the GPS

receiver.

21.  An apparatus for determining vertical speed of an aircraft comprising:

a processor for determining a first vertical velocity of the aircraft based
upon a pressure altitude value associated with the aircraft, and for obtaining a second
vertical velocity of the aircraft from a global positioning system (GPS) receiver carried by
the aircraft,

wherein said processor is adapted to combine the first and second vertical
velocities to determine the vertical speed of the aircraft in a manner independent of signals
provided by an air data computer (ADC), an inertial reference system (IRS) and an inertial

navigation system (INS).
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22.  Anapparatus according to Claim 21 wherein said processor is adapted to
combine the first and second velocities to determine the vertical speed of the aircraft based
only upon the pressure altitude value and the second vertical velocity obtained from the

GPS receiver.

23.  An apparatus according to Claim 21 wherein said processor is adapted to
combine the first and second vertical velocities by weighting at least one of the first and

second vertical velocities based upon its respective resolution.

24, An apparatus according to Claim 21 wherein said processor weights at least
one of the first and second vertical velocities by weighting the first vertical velocity based

upon the resolution of the pressure altitude value.

25.  An apparatus according to Claim 21 wherein said processor determines the
first vertical velocity of the aircraft by determining a rate of change of the pressure altitude

value over time.

26.  An apparatus according to Claim 21 wherein said processor obtains the
second vertical velocity of the aircraft by receiving a series of altitude values from the GPS
receiver over time, and determining a rate of change of the altitude values provided by the

GPS recetiver.

29.  An apparatus according to Claim 26 wherein said processor obtains the
second vertical velocity of the aircraft by also low pass filtering the rate of change of the

altitude values provided by the GPS receiver.
30.  Anapparatus according to Claim 21 wherein said processor obtains the
second vertical velocity of the aircraft by receiving the second vertical velocity of the

aircraft from the GPS receiver.

31.  An apparatus according to Claim 21 wherein said processor obtains the

second vertical velocity of the aircraft by repeatedly obtaining values for the second
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vertical velocity of the aircraft over time, and wherein said processor is further adapted to
determine if at least a predetermined number of satellites are in view of the GPS receiver,
and to maintain the second vertical velocity equal to a prior value of the second vertical

velocity if less than the predetermined number of satellites are in view of the GPS receiver.

32.  An apparatus according to Claim 31 wherein said processor is further
adapted to provide a signal to indicate that the vertical speed is unreliable if less than the
predetermined number of satellites are in view of the GPS receiver for a continuous period

that is at least as great as a predetermined time.
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