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Time-Controlled Descent Guidance in Uncertain Winds

Giuseppe Menga* and Heinz Erzberger{
NASA Ames Research Center, Moffett Field, Calif.

A procedure has been developed for constructing a statistical model of the altitude-dependent mean wind
profile from the climatological data at particular locations. The model is constructed by fitting a Markov
process, with altitude as the stage variable, to historical wind statistics. The wind model, together with the
aircraft dynamics and the error characteristics of the navigation system, are incorporated in the design of a state
estimator, which gives the minimum variance estimate of the aircraft state and the wind vector. The state and
wind estimates are used as inputs to a linear feedback law for guiding the aircraft along the nominal trajectory.
An example design of a time-constrained (4D RNAY) descent guidance system is presented, showing tracking
accuracy, control activity, and probability of arrival time with and without the wind estimator.

Nomenclature

K = feedback matrix, 8 x 3

Q =state error weighting matrix, 8 X 8

P =covariance matrix of wind sample process

R =control error weighting matrix, 3 x 3

u = control vector with elements =, «, ¢,

v =independent measurement noise, a six vector

v, =airspeed, m/sec

w =independent input noise, a two vector

X = state vector with elements x,, ¥,, 24, X5 Ya» Zas Xwis X2

X, = aircraft state estimate, a six vector

X, = wind model state estimate, a two vector

X, =wind model state, a two vector

X, =longitudinal position, m

X1 =wind along x,, m/s

x,» =windalongy,, m/s

X, =longitudinal velocity, m/s

y = horizontal components of the wing velocity, m/s, a
two vector

Ya = lateral position, m

Y =lateral velocity, m/s

z =output or measurement vector with elements x4, ¥4,
Za Vas Yas \[/a

Zg =normal position (perpendicular distance from flight
path), m

24 =normal velocity, m/s

Yo = flight path angle, deg

¥, =heading angle, deg

T =thrust, kN

b, =bank angle, deg

Xq =aircraft state vector, three positions, m; three
velocities, m/s; in body axis

o =angle of attack, deg

I. Introduction

OMPUTERIZED onboard navigation systems are in-

creasingly used to monitor and control flight
performance and to maintain up-to-date estimates of such
critical flight variables as landing time and fuel reserves. In
current airline practice, reserve fuel and landing time, along
with specification of the route, are first generated prior to
takeoff by the airlines’ flight planning systems. Such systems
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are highly automated and are therefore able to utilize detailed
wind profile forecasts from the weather services to generate
fuel-efficient routes for each flight.

However, uncertainties in forecasted winds and terminal
area ATC delays often require aircraft to carry large quan-
tities of reserve fuel, thus reducing the value of sophisticated
flight planning. Moreover, precise knowledge of landing time
(important in the selection of efficient flight schedules) will
play a crucial role in the future air traffic control system. This
system will minimize delays by assigning landing slots prior to
takeoff for aircraft equipped with time-controlled area
navigation systems (4D RNAYV). Various deterministic ap-
proaches to this type of system are discussed in Refs. 1-3.
Previous experience shows that its performance depends
critically on accurate prediction and control of aircraft states
in the presence of uncertain winds.

In this paper, the objective prediction of the wind profile
frem navigation system measurements onboard the airplane is
considered, and the time-controlled descent guidance in
uncertain winds is approached as a stochastic control
problem. The design procedure developed here, specifically
for descent guidance, is equally applicable to other flight
segments and potentially can also include uncertainties in
other meteorological variables (temperature and pressure).

Climatological wind statistics based on historical rawin-
sonde records for a specific area, augmented with the current
ground-level wind measurement and the last rawinsonde
record, are employed to generate a stochastic mean wind
model. This is illustrated in Sec. II. In Sec. III, models for
navigation system (VOR-DME) and air data errors are
developed, and the aircraft equations of motion are linearized
along .a minimum-fuel descent trajectory. Data for the
nominal trajectory are derived from Ref. 4. The stochastic
models and dynamic equations define the structure of the
estimator and controller. The control law, derived in Sec. IV,
is obtained by choosing the best tradeoff between arrival time
accuracy and aircraft state errors, on the one hand, and
control activity, on the other, using probabilistic measures of
these quantities. Finally, the performance of the descent
guidance system designed is discussed in Sec. V.

II. Wind Model

The first important aerospace requirement for a statistical
model of mean winds aloft came from the space launches,
where such a model was required prior to the launch for
control and structural performance analysis of the rocket
during the ascent.® At the same time, correlations among
wind components at different altitudes became available and
were proposed for improved a posteriori wind estimation
from measurements at different levels. 6
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This idea is generalized here. The family of spatial
correlations between altitudes enables one to model mean
wind randomness as a Markov process, with altitude as an
independent (or state) variable. Assuming horizontal
homogeneity of the wind in the airspace around the airport
and above the planetary boundary layer, and considering the
process stationary in the interval of time required for the
descent from the cuise altitude to the ground, the model can
be applied to the analysis of the guidance of a commercial
airplane on the landing approach. The mean wind process is
defined by a random vector with two components, the
southerly and the westerly, at intervals of 1 km of altitude
from the ground to 27 km. A gaussian distribution is adopted
to describe the mean wind statistics. Data for a particular area
are obtained from rawinsondes launched two to four times a
day from the major airports. Monthly or seasonal wind
statistics of data collected over a period of years are used to
compute the mean value and covariance matrix of the wind
vector.’

It is known that the process is not precisely gaussian, since,
among other nongaussian characteristics, the constant
altitude marginal distribution functions are elongated in the
direction of the mean wind. However, the gaussian assump-
tion is desirable in order to obtain a model that can be used
for practical filter design. Moreover, a filter based on the
model built on the empirical second-order statistics is op-
timum without the gaussian assumption in that it minimizes
the least-squares estimation error.

In addition to historical rawinsonde data, there are three
additional data sources available for wind profile estimation:
1) wind profile measurements made by aircraft that have
recently completed their flight; 2) wind profile measurements
obtained from the most recent rawinsonde launch (at most, 12
hours ago); and 3) the present airport surface wind
measurement. The use of the first two data sources to update
the wind profile requires the knowledge of persistence defined
as the correlation of wind measurements (at fixed altitudes)
taken at different time instants. Knowledge of persistence is
incomplete in the high-altitude airspace, though some data on
temporal correlations are available.® By applying standard
regression analysis to such data when available, the a
posteriori distribution (mean and covariance) conditioned to
the most recent wind profile measurements can therefore be
constructed and can be adopted as the final representation of
the wind profile from 1 km to 27 km at any instant of time.

The definition of a linear Markov model of the mean wind
randomness from the process covariance matrix is known as
the problem of realization. This problem consists of
specifying a dynamic system, driven by independent noise,
whose output realizes the given process covariance matrix. In
the following, E and cov denote the expectation and
covariance operators, respectively. The model is defined in
state variable form, with altitude in intergral kilometers as the
stage variable i (see Ref. 9 for a discussion of these models):

xpli=1) =Ay (i) X (i) + Wi () (1a)

yw (i) =Cu (i) X (i) 1=i<IO (1b)
Elxy(10)]1=0  cov[x, (10)] =Py (10) (1¢)
Elwg (H)]1=0  coviwy (D)]1=Qw()) (1d)

where y, (i) is the two-component wind vector at level i; n is
the model order; the dimensions of x, (i), wy (i), Ay (i),
and Cy, (i) are nx1, nX 1, nxn, 2Xn, respectively, and w,
is an n-dimensional, independent white noise process. Several
references are available on the exact realization problem when
restrictive assumptions are imposed on the process covariance
matrix.'%!2 The most common assumptions are finite
dimensionality of the exact realization and stationary process.
However, analysis of experimental covariance shows that, in
the present case, classical techniques are not convenient. In
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fact, the process is not stationary in the altitude, and an exact
realization would result in a too-high dimensional model.
Therefore, a special lower-order model approximation is
proposed.

A notable early study of this problem can also be found in
Ref. 13. However, the present approach offers the advantages
of greater flexibility and generality for modeling
multivariable Markov processes. It permits the use of models
of arbitrary order and inciudes an efficient algorithm for
synthesizing the model on a digital computer.

Moreover, the procedure is chosen so that the resulting
model features statistically gnaranteed properties with respect
to the real process. We shall explain this property here
specifically for an airplane in descent flight. The airplane (a
subsonic turbofan) will have begun its descent approximately
from an altitude level i, 10 km, and is currently assumed to be
at level i, 1=<i=<10. Thus, the onboard estimator-predictor
has available wind measurements for the interval 10 to 7, and
its function is to use these to estimate the wind profile between
levels 7 and 1. The statistically guaranteed property of the
model requires that the covariance P,, (i) (dimensions 2i X 2/)
of the wind estimation error computed from the model (using
measurements collected in flying through levels 10 to J) is an
upper bound of the real estimation error covariance P(i),
[ﬁM(i) — P(i) 20], resulting from the actual process, when
in both cases linear measurement channels with additive noise
and linear estimators of identical characteristics are used. As
a result, the closed-loop control design based on such a model
also gives a predicted performance which is an upper bound
of performance resulting from the actual process. A complete
description of the procedure is given in Ref. 14. Here the
general concepts are outlined.

Indicate with P(i) and P, (i) of dimension 2(11—7) X
2(11-1i), i=10, 9,...,1 the portions of covariance matrices of
the wind sample process between the ith and the 10th level
[yw (D), yw (+1D,....yu (10)]’, respectively, for the
process and the model (1 km of altitude separation between
levels). To satisfy the condition Py, (i) — P(i) =0, 1 <i< 10, it
is necessary and sufficient to verify (for a proof see Ref. 14)

Py(l)-P()=0 )

Generating the covariance matrix of a model of fixed order n
which satisfies Eq. (2) is solved by defining a sequence of
decompositions for P,(1) and satisfying recursively the
conditions

Ixs K(i+1) 0
P(i) <Py (i) =| - hmmee e S
0 Lo-ix2wo-i

S(+1) | R(i+1) iO

L K@G+l) 0
U gy gy ___
x | 1 ?)
)
0 : 12(10—i))<2(10—i)

(where the prime (‘) after a matrix designates the transpose
operation) and

P(10) <Py, (10) “
with K(-), S(+), R(-), P;(10) design matrices of dimen-

sion, respectively, 2xn, 2x2, 2xs, 2x2 for a given n, and
s<n-2.If n>2 for values of i such that 2(10—/) <n, then S,
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Table1 Second-order wind model-coefficient and covariance matrices for three of ten altitude levels

9km 6km 2km

0.78
Ay (i) coefficient matrix =
0.062
24.0
Qw (i) input noise covariance matrix =
-1.1

0.017 0.82 -0.013 0.60 -0.114
0.82 0.056 0.82 —0.124 0.582

-1.1 14.8 0.22 19.4 3.42
24.0 0.22 14.1 3.42 18.6

K (i), and R (i) will have the dimensions 2 x2(10~i). In the
construction of the model those matrices will be bordered by
zeros. Arbitrary models satisfying Egs. (3) and (4) can be
generated algorithmically. Then an approximation measure
between model and process is defined as

J=trace[ Py (1) —-P(1)] )

which, using the sequential decomposition, can be put in the
recurrence form

2
J= E traces [S(i) + K (i) R’ (i) +R(I)K' (i)
i=10

+K () Py (i) K’ (i) ] +trace [Py, (10) —P(10) ] 6)
The approximation model design is obtained by minimizing

Tom T RO RCSC) Py (10) 7 M
with constraints Py, (i) — P (i) =0.

A simple approximate minimization technique can be
obtained that takes advantage of the sequential decom-
position of the performance index. Then the model dynamics
matrices (1) can be computed from P, (1) (see Ref. 14).

The example of the present paper uses historical wind
statistics measured at Cape Kennedy, for the month of
January, from 1956-1963.7 Using standard regression
analysis, the current ground-level wind information is in-
corporated in the historical data, resulting in an a posteriori
mean wind vector and covariance matrix. The mean of the
wind vector and the standard deviations with and without
ground-level wind measurements are plotted in Fig. 1. As
expected, the fractional reduction in the standard deviation
obtained by wusing current ground-level measurements
decreases with increasing altitude. From the a posteriori
covariance matrix, a second-order Markov model ap-
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Fig. 1 Mean wind, a priori and a posteriori (from ground
measurement) standard deviation for Cape Kennedy, month of
January. ,

Table 2 Standard deviation of the measurement errors — VOR-DME
transmitter located along X axis near the airport (errors
are averaged for three equal distance sections of the flight)

Segment 12 11 111
Xiner » M 260 260 260
position<  Yiner, M 3300 2070 995
inertial axis |_ Zjyer, M 29.8 25.3 23.2
airspeed, v,, m/s 2.25 2.25 2.25
flight-path angle  v,, deg 1 1 1
heading angle  ,, deg 1 1 1

2The first column also gives the initial condition uncertainties at the beginning
of the descent.

proximation (n=2) of these wind statistics for the range of
altitudes between 1 km and 10 km was computed with the
technique previously described. Three of the sequence of nine
matrices Ay (i), Qyu (i) are given in Table 1. A measure of
approximation of the process evaluated by the normalized
performance, trace [ P, (1)— P(1)]/trace [ P(1)], is 0.09.

III. Nominal Descent Path, Measurement System,
and Aircraft Dynamic Model

The design of the feedback system is based on the
assumption that a nominal flight path and the nominal
control settings are computed before the start of closed-loop
control using the best estimate of the mean wind profile. The
nominal flight path, speed, and thrust profiles chosen here to
illustrate the design are given in Fig. 2. As previously stated,
the nominal path is the minimum-fuel descent trajectory of a
jet transport (given in Ref. 4). It begins at a 10-km altitude
and ends at a 1-km altitude, covering a horizontal distance of
203 kmin 1240s.

Because our interest here is centered on the effects of wind
uncertainties, other sources of uncertainty (except those
introduced by navigation and air data measurements) are
neglected. Table 2 lists the quantities assumed to be measured
onboard and specifies the standard deviation of the
measurement errors. Measured outputs are the three inertial
positions computed from VOR-DME signals, barometric
altimeter, airspeed, flight-path angle, and heading, All errors
are assumed to be statistically independent between successive
measurements.

In deriving the aircraft dynamic equation for control
system synthesis, it was assumed that the perturbations from
the nominal flight path introduced by the mean wind un-
certainties were small. This allows the sixth-order nonlinear
aircraft point mass equations to be linearized along the
nominal path.!® All control and state variables used in the

sequel are, therefore, perturbations from the nominal values.
The controls are chosen as the thrust, angle of attack, and
bank angle. The aircraft states are the three positions and the
three inertial velocities resolved on the nominal aircraft body
axes.

In general, coefficient matrices defining the perturbation
equations are time-dependent, since they are a function of the
nominal flight path. It was found, however, that three sets of
time-invariant equations (each applicable over approximately
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Fig. 2 Nominal minimum-fuel descent trajectory for modern tri jet,
mass = 68000 kg, maximum sea-level thrust =200 kN.

one-third of the nominal flight path) were sufficient for this
study. The equations were then transformed to discrete-time,
state-variable form as follows:

= A;x;+Bju;+w; ,x, (8a)
O<j=<124 (8b)

<
+
~

!

The time discretization was chosen to be 10s. The state vector
x; contains eight components, of which the first six are the
aircraft states and the seventh and eighth are the two wind
velocities. In order to add the wind states, the independent
variable altitude of the wind model was transformed to time
using the nominal trajectory. Table 3 gives the phugoid mode
parameters and wind time constants of the three sets of
linearized models, together with the altitudes of the nominal
trajectory where each model is valid.

Other quantities appearing in Eq. (8) are as follows: the
vector X, is a zero mean, random initial condition whose
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Table3 Open-loop aircraft and mean wind dynamics along
nominal trajectory in the x z plane?®

Segment/altitude level
I/9km II/6km III/3km

Aircraft phugoid dampingratio 0.04 0.05 0.053
mode

period, s 91 77.6 71.3
Wind dynamic time

constant, s 892.0 582.0 344.0

20Obtained transforming the wind model according to the nominal aircraft
descent rate.

statistics are determined from a model of the navigation
system used at the end of the cruise (first column of Table 2).
The vector u; is the input control vector of the airplane, w; is a
zero mean, independent input noise defined in the wind
model, v; are the zero mean independent noises modeling the
navigation and the air data errors, and g; is the measurement
vector.

IV. Feedback Control System Design

The structure of the control system is chosen in the form of
a linear state estimator operating on output measurements
cascaded with a linear feedback law. The following design
specifications are adopted:

1) The standard deviation of arrival time at the end point
of the trajectory (1-km altitude) must fall within bounds
required by air traffic control for efficient scheduling of
landing time. Since the end point of the trajectory is not the
runway, but a location known as the feeder fix, 23 km from
touchdown, a two-sigma accuracy of 10 s is considered
adequate for an advanced air traffic control system.

2) The standard deviation of errors from the nominal flight
path should not exceed certain bounds. In the longitudinal,
vertical, and lateral directions, these errors should be
maintained within 1 km, 50 m, and 1 km, respectively. The
standard deviation of airspeed error should be less than 8
m/s.

3) The standard deviation of control activity required to
achieve specifications 1 and 2 must not result in excessive fuel
consumption or passenger discomfort. Here, control of
throttle activity as measured by the standard deviation from
the nominal throttle position presents the most important
constraint in achieving the specified arrival time accuracy.

For any linear estimator and feedback law, the standard
deviations required to evaluate the design are derived from the
model state covariance matrices X; as a function of time,
given by the solution of a difference matrix Lyapunov
equation.!® These a priori covariances of the state, and
therefore also of the control, determine the effect of all un-
certainties included in the model for the chosen estimator and
feedback law.

To calculate the probability distribution of arrival time
from the time history of the covariance matrix, the following
approximate approach is taken. Indicate with o; the standard
deviation of the horizontal position at instant j (obtained
from the state covariance matrix I;), with ¥; the nominal
horizontal position and with X, the feeder fix, or final
position. Probability that the airplane at instant j has already
crossed the feeder fix is

Xny—X;
p(ij)ZN)zo._S—erf( No_ j>=qj (&)
. i

Introduce the two-state family of random variables £, with
value one if the airplane at instant j has already crossed the
feeder fix point, otherwise, zero. The variables &; are ob-
viously dependent, and probabilities of each of the two events
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Table 4 Final design matrices?®

Feedback matrices, K

Initial time

—0.406E-01 —00.000 0.854E 01 —0.179E 03 —0.000 0.125E 02 0.612E 02 0.633E 00
0.981E-04 -00.000 ~0.824E-03 0.114E 00 —-0.000 0.682E-01 ~0.766E-02 —0.579E-03
—0.000 — 0.9658-04 —0.000 —-0.000 —0.240E-01 —0.000 —-0.362E-03 —0.675E-02
Final time
—0.216E 01 -0.000 0.580E 02 —0.970E 03 -0.000 0.413E 02 0.529E 03 -0.437E 02
0.447E-04 —-0.000 0.667E-02 —0.396E-01 -0.000 0.697E-01 0.429E-01 0.216E-03
—0.000 —0.670E-03 —-0.000 —0.000 —0.457E-01 -0.000 0.476E-04 -0.117E-02
Nonzero Q and R matrix entries
Segment numbers
) 11 111
ay 104 5% 10 5x 1073
s 10+ 104 104
q33 1.0 1.0 1.0
a4 100. 100. 100.
47,974 -99.9 -99.9 -99.9
£33 11.3 11.3 11.3
477 100.0 100.0 100.0
q76:967 1.7 1.7 1.7
ry 1072 103 104
r22 107 5x1072 102
i3 104 103 100.

# All state and control variables are errors relative to nominal values.

are

pls=11¢,_,=1)=1 (102)
P =11¢,_,=0) =g, (10b)
Pl =018, =1)=0 (100)
pE;=01t,_,=0)=1-g, (10d)

The probability that the random arrival time is at some instant
prior to or equal to j is given by p({; =1) where {; is defined

as

§_j=§1 +fz+---51

Expression for p({;) is computed from Egs. (10),

an

j-1
p(§,=1)=q1+(1—q/)-qz+..-<I_I(1~qh))-qj (12)

The design of the system was achieved with the Linear
Quadratic Gaussian (LQG) technique.!” That is, the expected
value of an integral quadratic performance index is minimized
in the time interval between the instant, /=1, at which air
traffic control gives its approval to initiate the descent and,
i=N+A a short time after the nominal flight reaches th
feeder fix: '
N+A

J:E{EIXJTQJXJ-+u/-T;,Rj,,uj<,}
f=

w [MEAN WIND| Y MEAS.
- I NOISE .
DYNAMICS | | —‘ , #XA
! ' | Xw
Xw + X+ z
AIRCRAFT MEAS.
u DYNAMI;‘;MJ SYSTEM %EST'MATOR
Xp
FEEDBACK
LAW

Fig.3 Block diagram of estimator-controller.

It is known that the closed-loop solution of this problem is
composed of 1) the minimum variance estimator of the state
x; and 2) a linear feedback law operating on the estimated
state, which is the solution of the deterministic optimum
control problem and is independent of the noise, but only a
function of the weighting matrices @, and R;.

In the LQG design technique, the essential problem is
choosing the weighting matrices Q; and R; that will result in a
system meeting the performance specifications. This problem
is most often solved by a trial-and-error process. Familiarity
with the dynamics of the process being controlled, together
with experience in using the LQG technique, helps to reduce
the number of trial-and-error iterations required to obtain a
satisfactory design.

In the present case, the first trial consisted of evaluating the
open-loop performance of the system [Egs. (8)]. Then the
penalty on the controls R; was reduced in steps to observe the
effect of feedback on performance. When the variances of
some of the state variables were within range of the target
values, the relative weighting of the states, as determined by
the ratios of diagonal terms in Q; was iterated until all state
variable variances were satisfactory. Finally, the Q; matrix
was made a function of j such that the weighting of state
errors increased as j approached the last value
(j=N+A=134). This has the effect of reducing tracking
accuracy and also control activity at the start of the trajectory
when the aircraft is still far from the feeder fix. A satisfactory
design was achieved after 20 iterations.

Parameters for the final design are given in Table 4. Figure
3 is a block diagram of the complete system, consisting of the
wind model, aircraft model, measurement system, estimator,
and feedback law. The feedback law parameters are given in
Table 4 only for the initial and final time.

Y. Discussion of Results

The matrix Lyapunov equation was solved for the evolution
of the covariance matrices required to evaluate the per-
formance of the design. From these, the standard deviations
of the most important state and control variables were
calculated and then plotted vs time in Fig. 4. Also, the
standard deviations [together with Eq. (12)] were used to
calculate the distribution of arrival time at the feeder fix and
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Fig.4 Standard deviation of guidance errors.
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the horizontal distribution of crossing the 1-km altitude at the
feeder fix. These are plotted in Fig. 5. For comparison, the
performance of the open-loop system without feedback and
wind estimates is also shownin Figs. 4 and 5.

Analysis of the results shows that the closed-loop system
with wind estimator meets all accuracy criteria in position and
arrival time. However, the increased accuracy in these
quantities is achieved at the cost of throttle and increased
airspeed deviations from the nominal values compared to the
open-loop descent. Airspeed deviations have approximately

. doubled, reaching a maximum standard deviation of 7 m/s.

They are, however, below the design limit of 8 m/s. Throttle
deviations have increased from zero in the open-loop descent
to an average of approximately 1.5 kN in the closed-loop
system. These deviations can still be considered low, and
therefore acceptable, since they are only 10% of the nominal
thrust used during the descent. .

The arrival time accuracy for the closed-loop system, read
from Fig. 5a, is approximately +8 s, with probability of at
least 0.95. This compares to =50 s at 0.95 probability for the
open-loop descent.

In another case studied, no significant deteriorations of the
performances of Figs. 4 and 5 have been observed when
flight-path angle and heading angle are not included in the
measurements.

The errors of the closed-loop descent without feedback of
wind estimates are approximately twice those with wind
feedback. However, the most serious effect is in increased
throttle activity, which has more than doubled in the middle
part of the flight. In the attempt to satisfy the terminal
performance on the guidance and time errors, the feedback
gains increase in the second portion of the flight. Elimination
of the wind statistic from the filter reduces its effectiveness
and results in high levels of disturbance which are transmitted
through the feedback loop to the input.

The data in Fig. 5b can be used to establish a rational choice
for the minimum buffer distance between the feeder fix and
the start of final approach, i.e., the outer marker of the In-
strument Landing System. With closed-loop descent
guidance, the buffer distance can be reduced from 7 km to 1.5
km.

VI. Conclusions
A procedure has been developed for constructing a
statistical model of the altitude-dependent mean wind profile
from the historical record of wind measurements at particular
locations. The model is constructed by fitting a Markov
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process, with altitude as the stage variable, to the historical
wind data. With respect to other approaches, the present
model offers the advantages of a statistically guaranteed
behavior with respect to the process. Moreover, the design
algorithm appears especially convenient when ill-defined (not
well behaved) experimental covariances are available. It also
offers the possibility, when it is desired, to combine different
statistics (seasonal, local) for the synthesis of a unique model
to approximate each of these conditions. The wind model,
together with the aircraft dynamics and the error charac-
teristics of the pavigation system are incorporated in the
design of a state estimator, which gives the minimum variance
estimate of the aircraft state and the wind vector. The state
and wind estimates are used as inputs to a linear feedback law
for guiding the aircraft along the nominal trajectory. Since
the stochastic and dynamic models, and the estimator and the
feedback law are linear, the performance analysis of the
design does not require Monte Carlo simulation, but only the
solution of a finite-difference covariance matrix equation.
The procedure is applicable to aircraft guidance system design
generally, but is of greatest relevance to those designs where
uncertain winds and navigation errors can result in excessive
control activity.

In the example design of a time-constrained (4D RNAYV)
descent guidance system, the use of the wind model increased
arrival time and path tracking accuracy and decreased throttle
activity by a factor of 2 compared to a design not using the
wind model. It appears that arrival time accuracy at the feeder
fix of +8 s (0.95 probability) for an aircraft starting from a
point 200-km distant and at a 10-km altitude is possible with
low throttle activity using the wind model and estimator
described herein. This compares to an accuracy of 505 (0.95
probability) for the same trajectory flown with conventional
techniques and constant throttle setting.
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