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METHODS AND SYSTEMS UTILIZING TRUE
AIRSPEED TO IMPROVE VERTICAL VELOCITY
ACCURACY

STATEMENT REGARDING ' FEDERALLY SPONSORED: RESEARCH &

DEVELOPMENT

The United States Government has acquired certain rights in this

invention pursuant to Contract No‘:N00019-02-C-3002 issued by the Department of

the Navy.

| BACKGROUND OF THE INVENTION

‘This-invention relates generally to an inertial navigation system (INS),
and more specifically, to methods and systems which utilize a true a'irspeéd to

improve the vertical accuracy of an INS.

~ An inertial navigation system_(INS),»fo'r example, an INS within an
aircraft,"broVides a pilot and other systems within the aircraft with positional data. At
least one known INS includes a vertical channel, which provides both a vertical

velocity and a vertical position along a vertical axis. The vertical axis is defined as an

" axis that is perpendicular to the local level plane. Such an INS employs a triad of '

gyroscopes and accelerometers. These gyroscopes and accelerometers are mounted in
an orthogonal manner with ' respect to one another, either physically or
mathematically, such that a center of percussion and a center of rotation coincide as

closely as possible.

. The gyroscopes provide the aBility to measure an angular rate to
stabilize the platform (e.g., the aircraft) in inertial space, and the accelerometers
provide a measurement of linear acceleration. 'The angular rate and acceleration
information is provided to a navigation computer which, as part of the INS, provides a
position,.a velocity, and an attitude of the aircfaft. The INS pfovides an iﬁdependent

navigation solution (e.g., the positional data) by measuring the dynamics (based on
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the signals received from the gyroscopes and accelerometers) of.a flight from which

such navigation parameters are produced.

However, the vertical channel of these inertial navigation systems are

by nature unstable. This instability is caused by errors in the measurement of vertical

“acceleration. The vemcal acceleratlon is measured utilizing the above described

gyroscopes and accelerometers and then integrated to provide vertical velocity, and
then integrated again to provide a posmon There are typically errors related to such
mcmal msrruments -for example, manufacturing ﬂaws, electronic noise, temperature

sensmvmes, and other sources of error. These- errors are compounded as the

" navigation computer performs the calculations which result in the detenmnatron of

the vertical acceleration, velocity, and position.

: It is known to utilize a control circuit in conjunction with the vertical
channel of. the _INS.' The control circuit utilizes data from a barometric_ altimeter,
which is common to many aircraft. The barometric altimeter provides an independent
measurement of vertical position which can be used t0 construin the position errors

from the navrgatlon computer and 1mprove accuracy of the computed vertical

_velocity. However, compensation utilizing barometric altrmeter data has drawbacks,

one of which is that computatlons originating from the barometric altimeter have a

latency of several seconds.
BRIEF SUMMARY OF THE INVENTION

_ In one aspect, an inertial navigation system is provided that comprises ,
a first control system and a second control system. -The first ‘control’ system is
configured to estimate a vertical velocity based in part on received vertical

acceleration data:. The second control system is configured to receive the estimated

»vemca] velocity from the first control system and further conﬁgured to compensate ’

the estimated vertical veloc:ty based-on a vertical component of airspeed.

In another aspect, a method for determining a vertical velocity for

output by an inertial navigation system is provided.. The method comprises

PCT/US2005/044631
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determining an estimated vertical velocity based at least partially on vertical

acceleration data and compensating the vertical velocity estimate with airspeed data.

In still another aspect, a unit for compensating an estimated vertical
velocity wifh a vertical component of airspeed is provided. The unit is configured to

calculate a vertical velocity by determining a difference between the vertical

~component of airspeed and the estimated vertical velocity.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of an inertial navigation :'system il]ustraﬁng

calculation of a vertical velocity and a vertical position.

Figure 2 is a block diagram of a known vertical channel control system
for an inertial Ana'vigat'jon system which incorporates barometri"c‘ altimeter

compensation of vertical velocity.

Figure 3 is a graph illustrating vertical velocity response time for

changes in altitude for the control system of Figure 2.

Figure 4 is a block diagram ofa vemca] channel control system for an
memal navigation system which mcorporates barometnc altimeter compensation

along with utilization of a vertical component of true alrspeed to compensate . a

vertical velocxty

Figure 5 is a graph 1]]ustratmg vertical velocity response time for

changes in altitude for the control system of F1gure 4.

'DETAILED DESCRIPTION OF THE INVENTION

Figure 1 is a simplified block diagram of a inertial navigation control
system 10 which includes the above deécribed orthogonal triad of accelerometers
having outputs. A;, A, and A;Iapplied as inputs to an inertial navigation system
comjﬁuter 20. The accelerometers are orthogonally positioned' relative to one another

in order to provide orthogonal components of acceleration. After initialization of

PCT/US2005/044631
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inertial navigation system computer 20, computer 20 is configured to calculate the
orthogonal components of acceleration Ax, Ay and Az, where the acceleration Az, is
identified as the acceleration in the vertical diréction, i.e., perpendicular to the earth's.

surface. The vertical acceleration information is further provided to an mtegrator 30,

‘which determines a vemcal ve]ocny V2, from the received vemcal acceleration, Az,

Because gravitation and the earth's radius are included in the calculations performed
by inertial system computer 20, vertical positioninformation from a second integratof ‘

40 is also provided as feedback to system computer 20. Second integrator 40 recelves

.. the vertical velocity VZ, and determmes a vertical posmon of the aircraft, Pz

It should_be understood that any errors or bias in the acceleration

inputs A, Aj, and A; and the vertical -position Pz' that is fed back to inertial systein

"c.ompu'ter 20, will particularly impact the calculated value of the velf_licai acceleration

output Az. Any errors in Az and Vz will ultimately affect the determinat'ion of the
vertical position'of the aircraft, Pz, and therefore may affect flight operations of the-

aircraft.

Fxgure 2isa block diagram.of a known control system 200 utilized in
determining the vertical component of position, Pz, as a function of the inertially
sensed vertical acceleration, Az, and a barometric altitude signal, Bz, that is provided
from a barometric altimeter (not shown).. For example, a vertical ‘component of
velocity, Vz, is determined as a signal difference 210 between the vertical component
of acceleration, Az, and an acceleration correction 51gna1 S7 The difference 210 is
mtegrated 215 to provide the vemcal component of ve]oc1ty, Vz. 'A vertical

component of .posmon, Pz, is _determmed as a signal difference 220 between the

vertical component of velocity, Vz, and a velocity correction signal S5 which is then

integrated 225. The altitude, or vertical component of position, Pz, is the integration

225 of the signal difference 220,

An error signal “E” is nrovided as the sum 230 between the vertical
component of position, Pz, and the ‘barometric altitude signal, Bz. The velocity

correction signal S5 descnbed above 1s, in the 1|lustrated embodlment the error signal

PCT/US2005/044631
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" “E” multiplied by a-fixed gain 235 of Gl. The acceleration correction signal S7

descfibed above is a sum 250 of signals Sl and S3. Signal S3 is the error signal “E”

'multip]ied by a variable gain 260 of G2, and signal S1 is‘ the integration 270 of the

error signal E multiplied by a variable gain 280 of G3. In one embodiment, the

variable gain 260 of G2 is approximately twice the gravitational force divided by the

'_earth's'radiUS,-and the variable gain 280 of G3 is subSiantially equal to’ 1.0E-06.

Calculation of the vertical component of position, Pz, using the vertical
component of acceleration, Az, that has been derived from inertial sensors (e.g.,

accelerometers) is an inherently unstable process. The process is unstable since the

- vertical component of position, Pz, is used by inertjal system computer 20 to calculate

the value of gravity. The value of gravity is taken into consideration for the
determination of '_thle vertical corﬁpo_nent of acceleration, Az, of inertial system
computer 20 (Shown in ngure i). In effect, this is positive feedback around a loop
from Pz to Az and back through the two integrators 215 and 225. This feedback is
comparatively small in value, approxima'fely two times the value of gravity divided by
the earth's radius. However, even though the feed‘ba‘ckvis small, the positive feedback _
loop does "diverge, céusing unacceptably large errors after several minutes if

undamped.

'.In the embodiment illustrated in Figure 2, the vertical component of
barometric altitude, By, is uti]izéd to ;Srovide'damping. Velocity correction single S5
provides proportional feedback dependént upon the error signalﬁ E. Accéleration
correction signal S7 also ﬁrovide_s integral plus proportional feedback, S1 and S3

respectably, that is also dependent upon the error signal E. The purpose of the S1 and

‘83 feedback signals is to zero out any offset error in the vertical component of

.acceleration, Az. The combination of correction signals S5 and S7 provide control

loop stability.

Control system 200 further includes a time delay circuit feéding back
the vertical componen't'qf_ position output, Pz, to summer 230. The time delay circuit

includes a summing unit 290, a gain block 292 having a.gain of G6, and an integrator

PCT/US2005/044631
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294 having an output signal 86 which is applied to summer 230 and also negatively
fed back into summing unit 290. Summing unit 290 determines a difference function

between the vertical altitude, Pz, and the output of integrator 294,

Gain blocks 235, 260, 280 and 292 are configured as variable gain

‘blocks. Variable gains associated with one embodiment of each of gain blocks 235,

260, 280, and 292 are described in more detail in U.S. Patent No. 4,882,697 entitled ‘
“Stabilization Control Circuit For Vertical Position in an Inertial Navigator” which
issued to Ross, the entire subject matter of which is hereby incorporated by reference

in its entirety.

.~ Control system 200 is sometimes referred to as a barometric altimeter

{(baro-altimeter) aided ]oop. However, while control' system 200 provides some

control loop stability to calculation of vértical velocities, the baro-altimeter aided

control loop of control system 200 also includes initialization and response

limitations. For example, integration and transfer functions wilhi_n control system 200
have an extended stabilization time.  Therefore, control system 200 does not respond

well to flight dynamics over short time periods. In addition, a vertical velocity that is

_calculated by control system 200 niay include inaccuracies during high rates of climb,

as illustrated in Figure 3.

. Figure 3 is a graph 300 i]lﬁstrating changes in altitude over a period of
time. In addition to an altitude output 302, a vertical velocity output 304 is provided '
for the same time period, as calculated by control system 200 (shown in Figure 2). As

is’ illustrated in graph 300, the vertical velocity output 304 is slow to rgspoﬁd to

' changes (or a sudden lack of change) in altitude.

Figure'4 illustrates a control system 310 which provides additional

stability in the calculation of a vertical component of velocity, Vz. ‘Components of

control system 310 which are functionvally equivalent to components of control system
200 (shown in Figure 2) are illustrated utilizing the same reference numerals. In
addition to utilization of the vertical component of barometric altitude, Bz, as

described with respect to control system 200, system 310 is configured to augment a
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- vertical control loop with true airspeed as received from a true airspeed (TAS) device,

for example, an airspeed indicator, which is common to many aircraft.

~ The true airspeed device provides a measurement of the speed and
direction of the aircraft body through the air mass. True airspeed devices are complex

devices which use temperature, altitude, air density, and other pafam_eters to provide

~'the magnitudé of velocity, angle of attack, and angle of slideslip for an aircraft. The

true dirspe'ed is adjusted for attack and slideslip angles and then, using aircraft attitude -
information of roll and pitch, solves for the vertical component of the airspeed. This

quantity is then used to form an error which, as described below, is utilized in the

" calculation of the vertical component of velocity, Vz:

Mor'ev specifically, and referring again to Figure 4, control system 310,
sometimes referred to as a true airspeed baro-aided altimeter loop, includes a true'l
airspeed compensation. unit 320 receiving a vertical component of true airépeed
(TASZ) 322 and an estimated vertical velocity 324. True airspeed compensation unit -
320 provid‘eé an additional control system which utilizes TASz 322 to correct errors in
the estimated vertical ve]ocity 324. The error is corrected by determining a difference
between the \;eﬂica] component of true airspeed TASi 322 and the estimated verticavl‘

velocity 324. " In the embodiment illustrated, estimated vertical velocity 324 is

- received by a'ifelocity summing unit 330. The vertical component of true airspeed

.TASz 322 is received by a feedback summing unit 332, which provides an output

error signal 333 to a gain unit 334. The output of gain unit 334 is summed with
estimated vertical velocity 324 providing a compensated vertical velocity Vz 336.
The compensated vertical veiocify 336 is fed back to feedback summing unit 332

where it is summed with TASz 322 resulting m an error signal 333.

During dives and climbs, the vertical component of the barometric
altitude signal, Bz, can have large errors and thereby introduce large transient system
errors in the vertical position Pz, and estimated vertical velocity 324. However, and
as illustrated in chart 350, shown in Figure 5, system 310 has a better initialization

time and a better response time than system 200. Graph 350 includes an altitude

PCT/US2005/044631
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output 352 over time and a corresponding vertical velocity. output 354 which
illustrates the response tirﬁés of system 310 to changes in altitude. The vertical

component of true aitspeed 356 over time is also included in chart 350.

The integratibn and transfer functions within system-310 have a shorter

‘stabilization period and less overall error content, as shown in Figure 5, as compared

to system 200. Addition'a‘lly, system 310 has a better response to the dynamics of |
flight over shorter timé'periods than does system 200. Further, the vertical

component of velocity, Vz, 336 is usable during high rates of climb, as illustrate'diin

"chart 350 by vertical velocity output 354.

“In one embodiment, control system 310 (shown in Figure"4) is-
implemented entirely by SOftwéfe in a combuter. For example, and referring tB
inertia‘l névigation system computer 20 (shown in Figure l)b, it should be recognized
by those skilled in the art that control system 310, including true,.airsp'eed
compensation unit 320, may be entirely incorporaféd into inertial navigation system
computer 20. Alternatively, control system 310, including true airspeed

compensation unit ~320,,may.be implemented utilizing a wide variety of analog and

. digital circuits.

. 'Furth'e}, the systems éﬁd methods described herein are applicable tov
both strapdo@n inertiaj navigation sysiemé as well as gimbaled inertial navigation
systems.  As such, utilization of the vertical component of true airspeed tb'
compensate an estimated vertical velocity based on roll and pitch data significantly
improves the accuracy, stability and latency of a vertical velocity »determAi_natiOh as
compared to vérticai velocity determinations which incorporate only barometric

altimeter compensation for stabilization.

* While the invention has been described in terms of various specific
embodiments, those skilled in the art will recognize that the invention can be

practiced with modification within the spirit and scope of the claims.

PCT/US2005/044631
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" WHAT IS CLAIMED IS:
1. An inertial navigation system (10) comprising:

a first control system (200) configured to estimate a vertical velocity

(324) based in part on received vertical acceleration data; and

a second control system (310) configured gd receive the estimated
5 vertical velocity from said first control system, said second control system configured
to determine a compensated vertical velocity (336) utilizing the estimated vertical

velocity and a vertical component of airspeed (322).

2. An inertial navigation system (10) accordmg to Claim 1
wherein sald first control system (200) is further configured to utilize barometric

10 altitude data to-estlmate ve_rtxcal ve]omty (324).

3. An inertial navn;,atnon system (10) accordmg to Claim 1
wherem ‘'said second control system (310) is conﬁgured to receive a vertical

component of airspeed (322).

4. An inertial navigation system (10) according to Claim 3
15 wherein said second control system (310) is conﬁgﬁred to determine a difference

between the vertical component: of airspeed (322) and the estlmated vertical veloclty'

' (324)

5. 7 An mema] nav1gat10n system (10) according to Claim 3

wherem said second control system (310) comprlses

20 o a velociry summing unit (330) comprising an output and configured to

‘receive the estimated vertical velocity (324); -

a feedback summing unitv{ (332). configured to receive the vertical

component of airspeed (322); and
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a gain unil (334) configured to receive an output of said feedback
summing unit, said gain unit comprising an output configured to be received by said
velocity summing umt said output of said ve]oc:ty summmg unit - conﬁgured to’

provnde the compensated vertlcal velocity (336)

5 B : , 6. An mertlal navigation system (10) accordmg to Claim 5
wherein the compensaled vertical velocity (336) is fed back into said feedback g

summing unit (332).

7. An inertial navi_gaﬁon system’ (10) according 'to vClaim 5
. comprising a.navigation computer (20), said velocity summing unit (330) said
10 -~ feedback summing unit (332), and said gain unit (334) mcorporated within saxd

,,navngatlon computer.

8 An inertial navigation system (]0) according to Clalm 5
comprising a. navxgatlon computer (20), said first control system (200) and said

second control system (310) incorporated within said navigation computer. '
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