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Estimation of Wind from Airplane States
in Coordinated Flight

Amnon Katz* and Manu Sharmat
University of Alabama, Tuscaloosa, Alabama 35487-0280

A filter is defined that extracts the wind aloft from the Earth velocity and the orientation of a flight
vehicle in coordinated flight (data that are available in the context of distributed interactive simulation).
A convergence theorem is proved stating that the estimated wind monotonically approaches the true wind
when the latter is horizontal and constant. The filter builds the transverse component of the wind and
converges to the full wind as the flight vehicle changes heading. The fastest convergence occurs when the
filter is applied at heading intervals equal to a critical interval that depends on the bank.

I. Introduction

HE present paper develops a procedure for determining

wind aloft from a history of Earth velocity (three dimen-
sional) and orientation of a flight vehicle in coordinated flight.
These data are readily available in the context of distributed
interactive simulation (DIS).

The DIS technology, now codified in Institute of Electrical
and Electronics Engineers standard 1278,' allows for the net-
working of a large number of simulators at diverse locations
into a coherent virtual environment. Typically, each simulator
computes the state of one vehicle, but displays any other ve-
hicle that is within visual range. The states of such other ve-
hicles are learned from data packets received periodically over
the network and, in between packets, are extrapolated.

The DIS community has borrowed the classical navigation
term dead reckoning to describe the process of extrapolating
the state of a remotely simulated vehicle. Dead reckoning was
initially introduced in DIS as a device for limiting network
traffic. A sending simulator (the sender) would simulate the
dead reckoning of a receiving simulator (the receiver). As long
as the receiver’s presentation error was within prescribed
thresholds, no updates were transmitted.” It was later realized
that, quite apart from bandwidth considerations, dead reckon-
ing is crucial to reducing the error with which the states of
remote vehicles are known. Even when updates are not with-
held, dead reckoning is required to compensate for transmis-
sion delays and synchronization errors.>

Katz and Graham™® developed methods of dead reckoning
(K&G methods) based on the assumption that an airplane flies
coordinated. The K&G airplane-specific extrapolation methods
proved three to five times more accurate than generic methods.
This meant that network traffic could be cut by a factor of
three to five, or, in the alternative, the errors in presenting a
remote player could be cut by the same factor.

Coordinated flight implies that an aircraft flies through the
air along its plane of symmetry, rather than sideways. How-
ever, airplane states reported in DIS or obtained through te-
lemetry reflect the motion of the aircraft relative to the ground
rather than the air. Before the K&G extrapolation methods can
be applied to full advantage, one must convert the Earth sys-
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tem velocity to the air system velocity. For that purpose, it is
necessary to know the wind.

In the absence of a source for wind information, it is pos-
sible to extract that information from the airplane states them-
selves. This, again, relies on the assumption of coordinated
flight. Any sideways motion that is detected is ascribed to
wind. There is no way to extract the wind fully from the in-
stantaneous state. Only the crosswind component can be esti-
mated. However, over a period of time, with the airplane
changing heading, the estimate can be refined until it is suf-
ficiently accurate.

The present paper develops an iterative wind extraction fil-
ter. A convergence theorem is proved. Optimal strategies for
applying the filter to the state history of a turning airplane are
devised.

The DIS standard specifies that full six-degree-of-freedom
(DOF) information about each vehicle be transmitted, which
includes three-dimensional position, velocity, and acceleration,
as well as three-DOF orientation and angular rates. The trans-
lational data are relative to the Earth. Wind information is not
included. The present paper is tied to the DIS context through
the assumption that Earth-system six-DOF data are available,
whereas the wind is unknown. The variables of state actually
used in the wind estimation process are velocity and orienta-
tion.

In simulation, the wind applied by each simulator is known,
even if not included in the DIS packet. However, DIS applies
to live as well as virtual simulation, that is, to aircraft flying
through the air, simulating a war exercise, as well as to manned
simulators. For live aircraft, obtaining accurate winds aloft is
not trivial. At some future time DIS may be adopted for the
air traffic control (ATC) environment, and civil airplanes may
transmit DIS packets. At such time, the wind extraction algo-
rithm of the present paper will be available to ATC.

Dead reckoning should be of value in other fields, e.g.,
ground-to-air and air-to-air gunnery, where it is necessary to
extrapolate the position of a target over the period that a pro-
jectile is in transit. Applicability of the methods developed in
the present paper and in Ref. 6 to these and other situations
hinges upon availablity of the requisite state information for
the target, in particular, orientation data.

II. Closed-Form Extraction of Transverse Wind

We start by laying out our assumptions and notation. There
are a variety of air currents in the atmosphere. We address
only steady wind, i.e., uniform horizontal motion of the air-
mass over a flat Earth. The wind velocity is assumed horizontal
and constant over both space and time. This is a fair model of
winds aloft above the turbulence level. While winds aloft do
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vary with altitude and change over time, these changes are
small over the time periods and altitude ranges involved in
normal aircraft maneuvers. The procedures we develop con-
verge to the prevailing wind faster than it changes and, once
converged, continue to produce the correct wind. The un-
known constant wind is denoted W.

We use an Earth fixed-coordinate system, with the x and y
axes horizontal and z pointing down. The three unit vectors in
the major directions of the Earth coordinate system are 7., j.,
k.. The a1rplane velocity provided by the remote simulator or
by telemetry is V. The airplane state includes the body ori-
entation. Regardless of the form in which this information is
conveyed, it can be transformed into direction cosines, which,
in turn, can be interpreted as the Earth-system components of
the three unit vectors in the major directions of the body co-
ordinate system i, j, kl,

The body coordinates are a forward, right, down system.
The x-z plane is the plane of symmetry of the airplane. We
assume coordinated flight, which means that the air velocity
V-W is in the x-z plane. This implies

V-=Ww)j=0 1

The wind component along j, can be determined as
Wjo=V-j, (2)
In general, j, is not horizontal, whereas the wind is. The
unknown wind may be decomposed into a component in the
X,—- 2, plane (the longitudinal wind) and another component
perpendicular to the first (the transverse wind). We introduce

unit vectors €, and é, in the direction of the longitudinal and
transverse wind; é, and é, are both horizontal

é,k.=0 (3)

rk.=0 4)

Y

and é, is in the body plane of symmetry
é,.j,=0 (5)

Equations (3) and (5) determine &, as

o jox k.
é,=—"7F 6
LS X R (6)
Then é, may be determined as
oo Uy X k) X k. b Ui kok.
ér=¢&,Xk,= = = = =
7o X k.| J» X k.| Jo X k.|
@)
where
Jon = J» — (jb.ic\e')lee ®)
is the horizontal component of j, (Fig. 1).
The true wind may be expressed as
W=W,é, + W,é, )

Only the transverse wind contributes to Eq. (2) and only it can
be estimated. Substituting Eq. (9) in Eq. (2), one finds

Wilrjo=V-js (10)
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Fig. 1 [Extraction of the transverse wind.

from which the W;may be determined, and the wind estimated
as

Vi, . V- i
W, =~ f er= _J]bh V-j») U > (11
€rJy Jon"Jo Jon
When the wings are level, j,, = j, and |j,,| = 1. In general,
Jw| may be expressed as
Jon| = cos &, (12)

where ¢, is a bank angle. It is not the Euler bank angle, rep-
resenting the angle by which the airplane must be rotated
around the body x-axis to make the wings level. Rather, it is
the amount of rotation around a horizontal axis in the body x
-z plane that achieves the same end. In the following we refer
to ¢, as h-bank. In many situations, the distinction between
Euler’s bank ¢ and ¢, is not crucial. The concept of bank
renders Eq. (11) more intuitive. Thus

W, = (V'jb)(jbh/cosz(bh) (13)

III. Wind Extraction Filter

Equation (11) or (13) is a complete closed-form extraction
of all the wind information that can be extracted at one instant.
This algorithm, nevertheless, leaves something to be desired
in that it is not robust. When the attitude of the airplane is
such that ¢, = 90 deg (j, is vertical), the expressions fail. In
the neighborhood of ¢, = 90 deg, the algorithm is extremely
sensitive to error. It tends to interpret small errors in the data
(and, in the real world, the effect of any vertical air current)
as the result of a strong horizontal wind.

It should also be kept in mind that Eqs. (11) or (13) cannot,
in any case, fully determine the wind. Only the component
that happens to be transverse can be determined. Extraction of
the full wind must of necessity be an iterative process over a
period of time during which the aircraft samples at least 90
deg of heading. We shall see in the following that it is not
necessarily the best strategy to extract the transverse compo-
nent all at once. For all these reasons, we define a stepwise
wind extraction filter by

Wir=W,+ (V- W) 'fb]jbh (14)

where W; is the wind estimate for the ith step.

Note that in Eq. (14), cos’d,, has been dropped. This means
that, with a nonzero ¢, only W; cos’dp, will be extracted in
one step. However, imagine that a large number of steps can
be performed while the aircraft maintains the same heading
and the same ¢,. In that case the step-by-step extraction will
yield a sequence

Wilcos’d, + sin’d, cos’d, + sin'dp, cos’d, + -+ +)

s, sy (15)
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IV. Convergence Theorem

The preceding illustration addressed the scenario where a
large number of measurements could be made while a banked
airplane, flying coordinated, did not change its heading appre-
ciably. The extraction filter [Eq. (14)] is intended for use in
three dimensions with the aircraft maneuvering and changing
heading. The purpose is to extract the whole wind, not just a
particular component. It is in this three-dimensional context
that the following theorem is offered.

Theorem: The wind estimate produced by the extraction fil-
ter [Eq. (14)] approaches the true wind semimonotonically. In
equation form

|W,’+1 - W| = |W, - W| (16)

foralli=0,1,2,...
Proof: Subtract W from Eq. (14)

Wir —W=W, - W+ [(V - Wi)'fb]jbh (17)
Note that

v - Wi)'fb = [(V -Ww) - (W, - W)] 'fb

_(Wi - W)'fb
_(Wi - W)'jbh (18)

The first step in Eq. (18) is straightforward algebra. The second
step uses Eq. (1). The third step is based on W and W, both
being horizontal.

Substituting Eq. (18) in Eq. (17), one has

Wir—W=W,— W - [(W, - W)'jbh]jbh (19)

Now decompose W, — W into two vectors, U, along the di-
rection of j,, and U, perpendicular to it

W,— W=U, + U, (20)
Then by Eq. (19), and using Eq. (12)
Wi — W=U, + U, — cosdp,U, = sin’p, U, + U, (21)
from which it follows that

[Wiir = WI? = sin’d,|U\|* + |Us” = [UL|* + | U
=|w, - w|® (22)

V. Level Turn

The convergence theorem guarantees that successive appli-
cations of the wind extraction filter never degrade the wind
estimate. The goal, however, is to improve the estimate. The
intention is to have the estimate converge toward the true wind.
This requires that different headings be sampled.

Some insight into the workings of the filter and the strategy
of applying it may be gained from a study of a level coordi-
nated turn. The maneuver addressed has the airplane fly a cir-
cular trajectory relative to the airmass. The ground track is a
cycloid. In level flight, ¢, becomes the wind-coordinate-sys-
tem bank. In coordinated flight, ¢, determines the rate of turn
through the universal relationship

o = (g/V)tan ¢, (23)

where V is the airspeed.

We consider a level turn carried out at a constant ¢, and a
constant V, hence at constant w. If the filter is applied at a
constant time interval of A¢, then it is applied at headings var-
ying by Ay = wAt. At may be restricted by the ability of

computing machinery to execute the filter. However, time, as
such, has no effect on the workings of the filter. It is the ¢,
and the heading step Ay that govern. In any case, we will
presently see that the most frequent application of the filter
that is feasible is not necessarily the optimal strategy.

For the study of the level turn, we represent the error in the
estimate W; — W by its magnitude

w,=|W,— W] (24)

and by the angle vy, that it makes with the current heading. We
define vy, to be positive to the outside of the turn (Fig. 2). Every
time the filter is applied, the component of W; — W normal to
the flight path is reduced, whereas the component along the
flight path is unchanged. This means that v, is changed to v/,
with

[tan y/| < |tan ;| (25)

However, by the next application of the filter, the aircraft has
turned by Ay, and

Yi+1 = 'Y; + A\l’ (26)

This is illustrated in Fig. 2.

The relationship between v;,, and +y; can be made explicit.
Application of the filter reduces the normal component of W,
— W by a factor sin’d,, leaving the longitudinal component
unchanged. Thus

tan y/ = sin’y, tan vy, 27
Vi1 = arctan(sin’d, tan y,) + Ay (28)

Figure 3 exhibits Eq. (28) graphically on a plot of v,,, against
v.. Curve (a) represents arctan(sin’y, tan v,), and curve (b) is
the identity .., = v,, added for reference. Curve (a) intersects
curve (b) at y; = 0 and y; = 90 deg. In between, (a) lies below
(b). Also note that (a) is monotonic increasing. The curve of
v.+1 according to Eq. (28) is obtained by translating (a) upward
by an amount A{s. Curve (c) illustrates the result when Ay is
not too large. In that case, (c) intersects (b) at two points that
we denote vy, and V., (Y.- < Y.+). There is a critical value of
A, Aso, at which the curve of v,,, [curve (d)] is tangent to
(b) and touches it at a single point vy,. For values of Ay greater
than Ads, [curve (e)], v+ is always greater than v,

P i+l "
r‘?e&?\\ =
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I
\\ i+1
- \\ Ji
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Fig. 2 Wind estimate error w at the ith and i + 1 updates.
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Fig. 4 Polar angle vy and its stationary points.

For subcritical Ay, y.. and <., are equilibrium points at
which +v; is unchanged by application of the filter. They are
both in the first quadrant. Because the period of tan v is m,
the situation in the third and fourth quadrants is a repeat of
the first and second. There are two equilibrium points in the
third quadrant: y,- = vy.. + w and y., = vy.. + 7 (Fig. 4).

When the equilibrium points exist but v; is not at one of
them, the relationship between vy;.; and v; is

Vi< Yir1 < Yoo When 0<vy; <y,

Yoo < ¥Yir1<7Y: when Y. <Y< Yer

Vi< Yir1 < Yoo when vy <<yl (29)
Yeo < Yir1<Y: when vy < i<y

Vi< Yir1 < 2w + y.. when vyl <vy,<2w

These trends are indicated by arrows in Fig. 4. They show that
Y.- and <y, are stable equilibrium points. If y; < 7., then vy,
will grow from one extraction step to the next, approaching
Y. from below. If it is larger than +y.. (but not larger than
Y.:), it will decline and tend to vy, from above. The same
reasoning shows that vy., and <., are unstable equilibrium
points that cannot be maintained. If v, starts above v,., it
grows through 180 deg and converges to ...

We can express Y., Yer, and Ay, in closed form. To that
end, restate Eq. (28) as

tan vy, — tan A

in’d,, tan vy, = tan(y,,; — Af) = 30
sin“dy, tan vy Vi ¥ 1 + tan vy, tan Ays (30)
This is readily solved for tan vy, , and yields
in’d, tan y; + tan A
tan vy, = Sin b, tan 'y n Ay (31)

1 — sin’d, tan v; tan Ais

To find the equilibrium points, set y; and v,,; equal in Eq.
(31). Denoting the common value by ., one finds
sin’d, tan Ay (tan v,.)> — cos’dp, tan y, + tan Ay =0 (32)

which yields

1+ V1 — 4 tan’d, (1 + tan’d,tan’Ays
2 tan’d, tan Ay

tan vy, = (33)

This equation has two real solutions, as long as Ay is small
enough

Ay < Ao = arctan(cos $,/2 tan ¢y,) (34)

Equation (33) is the closed-form expression for tan .. and
tan vy.,. Equation (34) determines Ays, in the terms of &,

It is remarkable that the preceding relationships do not in-
volve w;. The ratio R; by which w; is reduced at each step can
also be determined in terms of vy, as

Wi W, cosy; 1 + sin*d, tan’y,
- 1 + tan’y;

= Vcos*y; + sin*d,, sin*y; (35)

As long as Eq. (34) is satisfied, y; will converge to vy, or
v.-. At the same time, R; will converge to

R, = \/cosz'y(,, + sin*d, sin*y._ (36)

Equation (36) is obtained from Eq. (35) by substituting vy, for
v:- The decline of w; becomes exponential

Wi Wi = R 37)
On a logarithmic scale, this is a linear decline
log w;.,, = log w;, + nlog R.- (38)

Some insight might be gained from inspection of the pre-
ceding relationship in the limit of Ay tending to zero, i.e., the
limit of infinitely frequent applications of the filter, to the low-
est order in Ays

Yoo = Ayi/cos’d, (39)

1 — sin4<b,, ,

log R,. =~ ——— Ay~ 40
8 3 0 10 cos'p, ¥ (40)

The logarithmic slope of w; declines as Ais®, whereas the num-
ber of filter applications over a given heading interval grows
only as Ay~'. The reduction of the logarithmic error over a
given heading interval declines in proportion to Ay and tends
to zero, even as the number of applications tends to infinity.
The more frequent the applications of the filter, the less effec-
tive it becomes.
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The same state of affairs prevails for finite Ay with -y; and
R; converged to y._ and R,_, respectively. |log R._| increases
faster than Als. The benefit of the filter increases as the fre-
quency of applying it is diminished. When Ay reaches A,
Y.- becomes o, defined by

tan vy, = 1/sin ¢, 41)
This yields
2 Sinz(bh .2
S Yo = 5, Yo= T = 42
€08 Yo 1 + sin“d, St Yo 1 + sin“d, (42)

R.. becomes R,, obtainable by substituting Eq. (42) in Eq.
(36). Tt works out to

o= Sin (b/, (43)

The situation changes drastically when Ay exceeds Aus.
There no longer is a stable value for vy, Rather, vy; keeps in-
creasing all the way to 2, rolling over back to zero and over
again, and sampling values in the whole range of 0-360 deg.
When Ays becomes much larger than Als,, one may try to es-
timate the average logarithmic slope of w; vs the number of
filter applications by averaging over v, For ease of computa-
tion, we look at the vy average of R;, which, following Eq.
(35), is

(R} = 5(1 + sin*d,) (44)

Because the arithmetic average of two positive numbers is
greater than their geometric average, one can continue

(R = sin’d, = (Ro)’ (45)

The last inequality suggests that once Ays exceeds Ay, there
are no further gains in the logarithmic slope of w, On the
contrary, some loss may be expected. This loss is substantial
for small values of ¢, and rather insignificant for 45 deg =
b = 90 deg. Even so, any further increase in Ay is detri-
mental because of the reduction in the number of times the
filter is applied over the same heading interval.

The conclusion, then, is that the wind estimate converges
most rapidly when the filtering interval is chosen with Ays just
under Ays,. In that case, once v, has converged to vy, of Eq.
(41), the error in the wind estimate w; is reduced by the factor
sin ¢, each time the filter is applied.

VI. Numerical Results

The process is illustrated in Figs. 5 and 6, which exhibit
data based on Eqgs. (31) and (35). The two figures show the
same data. Figure 6 features a larger scale on the abcissa, mak-
ing more detail visible in a smaller range. The airplane motion
was simulated at a frame rate of 40 Hz (25-ms frames). The
data are for an airplane performing a level turn at ¢, = 45 deg.
It consists of 4000 frames covering almost three complete
turns. The heading change per frame comes to 0.257 deg. A
wind amounting to 28.2% of the airplane’s airspeed was im-
plemented. The initial estimate of the wind was zero. The dif-
ferent curves in Fig. 6 represent the history of wind estimate
error for different intervals of filter application expressed as a
number of frames. This number varies from 10 to 1000. (In
the simulation, the airspeed is about 106 kn and the windspeed
is 30 kn. However, these absolute numbers are immaterial.)
Ay, of Eq. (34) comes out as 19.47 deg and amounts to 75.72
frames.

Application of the filter at intervals of 10 frames, amounting
to 400 iterations over the 4000 frames, reduces the wind error
by a factor of about 7. Applied only once in 40 frames for a

0750 100 150 200 250 300 350 400
Number of Updates

Fig. 5 Logarithmic relative error vs number of filter applica-
tions.

%0 5 o 5560
Number of Updates

Fig. 6 Logarithmic relative error vs number of filter applications
(detailed view), with limit slope log R, shown for reference.

total of 100 wind updates, the filter reduces the wind error by
better than 500. When the interval is increased to 70 frames,
allowing only 57 updates, the improvement in wind estimate
becomes of the order of 10°

Ay, is crossed around 75. The 74 curve has a slope close
to the critical slope log Ro, which is shown for reference in
Fig. 6, and achieves an improvement by a factor just short of
10”. The 80 and 90 curves actually exceed 10”. The 74 frame
curve and the 80 and 90 frame curves interweave and have
comparable slopes, as do all curves for longer update intervals.
All of these curves cluster just below the limit curve. Among
these curves, more frequent updates (longer curves) produce
the more accurate wind estimates. The rule of thumb that best
estimates are produced near the critical update interval is con-
firmed.

VII. Conclusions

We defined a wind extraction filter (Sec. III) and showed
that it produces wind estimates that monotonically approach
the true wind (the convergence theorem, Sec. IV). The as-
sumptions concerning the wind were that it was horizontal and
constant in both space and time. The assumptions concerning
the flight were that it was coordinated.

Only the transverse component of the wind is addressed
when the filter is applied, and a single application recovers
only a fraction cos’d, of the transverse error. Repeated appli-
cations, while the aircraft changes heading, can produce a wind
estimate as accurate as one wishes. Study of a level turn
showed, however, that the rate at which the wind estimate
converges to the true wind depends on the heading interval at
which the filter is applied. The fastest convergence occurs
when the filter is applied at heading intervals equal to Ay,
which depends on ¢,

The numerical results of the last section were obtained in a
steady coordinated level turn. It is important to examine the
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conditions actually used in the analytic derivation in Sec. V.
The derivation depended on ¢, and Ay being constant.

The last assumption does not appear essential. Obviously, it
would be best to apply the filter when y = 90 or 270 deg,
which would assure a convergence ratio R; equal to sin’dy.
However, the wind estimate error, and with it y, are unknown.
Using an update heading interval just under Ay, guarantees y
= Yo, and R; = sin ¢,. It was shown that this was better than
the vy average, and there does not seem to be a way to guar-
antee better convergence.

The h-bank may vary during maneuvering. If the h-bank
varies slowly, a sequence of wind updates adjusted for the
current h-bank will adiabatically track the situation and pro-
vide optimal convergence. We therefore recommend that each
wind update be delayed until the heading increment from the
last update reaches Ay, based on the current ¢, or until an
arbitrarily imposed time-out period has expired, whichever
comes first. The Ay, rule safeguards against slow convergence
resulting from a filter application rate that is too rapid. The
time-out period ensures that periodic updates do occur during
long legs of straight flight to account for changes in the wind
over place and time.

Application of this rule in the computer simulation described
in Refs. 2 and 5 leads to fast convergence to the correct wind
and efficient operation of the K&G prediction methods.
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