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For the purposes of aircraft control system design and analysis, the wind can be characterized by a mean com-
ponent which varies with height and by turbulent components which are described by the von Karman
correlation model. The aircraft aerodynamic forces and moments depend linearly on uniform and gradient gust
components obtained by averaging over the aircraft’s length and span. The correlations of the averaged com-

" ponents are then approximated by the outputs of linear shaping filters forced by white noise. The resulting
model of the crosswind shear and turbulence effects is used in the design of a lateral control system for the

automatic landing of a DC-8 aircraft.

Introduction

NE of the more challenging problems facing an autopilot

designer is the synthesis of feedback logic which will
achieve the desired attitude and position of an aircraft at
touchdown in the presence of turbulent crosswinds. During
the approach phase of an automatic landing, the desired flight
path is maintained by heading slightly into the prevailing
crosswind (‘‘crabbing’’). However, at touchdown, the aircraft
centerline must be aligned with the runway to prevent lateral
skidding of the wheels on the landing gear. The transition
from the approach attitude to the touchdown attitude, termed
the ‘““decrab maneuver,”’ is usually carried out by the pilot,
using the rudder to reduce the heading deviation, and ailerons

to dip the windward wing tip sightly so as to maintain the-

lateral position in the presence of the resulting aerodynamic
sideslip. When visibility is reduced to the point where the pilot
cannot maintain the required visual reference, it is desirable to
perform the decrab maneuver automatically.

In order to carry out an effective automatic landing, ac-
curate information on the aircraft’s attitude and position is
required. In the last several years, accurate and reliable
navigation systems have been developed to provide this in-
formation. Such systems include inertially augmented ILS
systems, 1> microwave landing systems, MLS,? and various
attitude reference systems. * It is anticipated that further im-
provements in system accuracy and reliability will be made in
the future.

Touchdown errors in automatic landing are also caused by
turbulent winds. In contrast with the navigation errors, there
is little hope of reducing these disturbances. In fact, as lan-
ding speeds are lowered, as in STOL aircraft applications, the
wind effects become more pronounced.

Briefly stated, the goal of this research is to develop
systematic techniques for the design of feedback control logic
which will minimize the effects of the wind disturbances. To
achieve this goal, the problem is broken into three parts. First,
a reasonably accurate description of the wind and correspon-
ding turbulence is developed; the variation of the mean wind
and the turbulence parameters with height is included in this
model. Second, the aerodynamic effects of the mean wind and
the turbulence on the aircraft are modeled. We endeavored to
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develop models which are as simple as possible, and yet retain
the essential features of the wind shear and turbulence effects.
Third, the resulting models of the wind and its aerodynamic
effects are used in conjunction with optimal control design
techniques to determine control logic which minimizes the ex-
pected values of the output errors.

Statistical Description of the Wind

The wind velocity (i.e. the velocity of the air with respect to
the ground) cannot be predicted exactly at any given point in
the atmosphere, so that a statistical description is appropriate.
The wind velocity is considered to be a random vector at each
point in space and time. A complete statistical description
would not be tractable without simplifying assumptions and
fortunately, several simplifications are reasonable:

1) The wind field is assumed to be stationary, horizontally
homogeneous, and locally isotropic. 2) The variation in the
wind with time and vertical position is considered negligible
compared to the variation with horizontal position for an air-
craft following a nearly horizontal path. 3) The correlations
between wind velocity components at different horizontal
positions are described by the von Karman model.® The wind
structure is-assumed to be dynamically similar throughout the
atmospheric boundary layer. These simplifications are
discussed in detail in Refs. 6-8 and, only the resulting
statistical model for the mean and covariance of the wind will
be presented here.

Application of the previous assumptions results in a model
which depends upon four basic parameters: the surface
roughness z,, the velocity component variance o2, the tur-
bulence scale L, and the direction of the mean wind y,,. Table
1 gives the surface roughness length for various types of
terrain.

Table 1 Surface roughness for various types of surfaces’

Type of surface 29 (m)

Mud flats, ice 10 5 =310 73
Smooth sea 210 "4 —3.10 ¢
Sand 10°4-1073
Snow 10 3 -6.10 7
Mown grass 103-102
Low grass, steppe 10 24410 "2
Fallow field 2410 72 =310 72
High grass 4+10 "2 -10 "
Palmetto 101 -3.10 !
Suburbia 1-2

City 1-4
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Fig. 1 Probability distribution of the rms turbulent velocity.

Figure 1 shows a probability distribution for the velocity
component variance suggested in the military specification
MIL-F-8785B '° and data reported by Gault and Gunter. !!

Figure 2 shows the variation in the turbulence scale with
height for data from several sources. ' Here, the scale L is
defined by

L=S;“(r)dr

where f(r) is the longitudinal correlation function normalized
by the variance. A least-squares fit to the data results in the
following equation

. (160m)z

L=0. (760m) + z

Due to scatter in the data, this equation should be recognized
as describing only the character of the variation of scale with
height not as a hard and fast physical law.

The direction of the mean wind will depend upon local con-
ditions and the flight path chosen as the reference axis. For
approach and landing, it is desirable that the mean wind be
directed along the runway. However, landing difficulty is in-
creased as the wind direction becomes normal to the runway,
so this direction will be adopted.

Once the four parameters above are specified, the complete
mean and correlation model of the wind, based on the
previous assumptions, becomes

_ g 0 Z
UX —COS‘//W—_O,8 n—zo
— o
U,v —sm\&w 0.8 n 2,
o+ L
R“u(g,‘f],Z) =0 [f(r) 2 dr
1¢2d
—_ 2
RUU(S,TI;Z) =0 [f(r)+ 2 r drf(r)]
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Fig.2 Variation of the turbulence scale with height.
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where U, and U, are the components of the mean wind
velocity along the longitudinal (x) and lateral (y) flight path
axes; R,,, R, etc. are the two-point turbulent velocity
correlations for longitudinal and lateral separations, ¢ and 7,
and height z; the subscripts u, v, w refer to the longitudinal,
lateral, and vertical turbulent velocity components; and

r2=g2 492

2 2/3
flry= L w'PK 5 ()

where
w=r/1.339L

K., (n) = modified Bessel function of order 3

A FORTRAN computer program was written to compute
the mean velocity components and the turbulent velocity
correlations according to the previous model and is given in
detail in Ref. 6.

Aircraft Response to Atmospheric Turbulence

Even with a statistical model of the wind gusts, there still
remains the nontrivial task of computing the statistical
response of an aircraft flying through such a gust field. In
virtually all analyses of aircraft gust response the incremental
aerodynamic forces at each point on the aircraft are assumed
to depend linearly upon the gust velocity field. In the
pioneering work of Eggleston and Diederich!® the concept
was applied to an aircraft wing using lifting-line theory in the
spatial domain. In most subsequent work, lifting surface
theory is applied using the Fourier transform domain of
spatial frequency. ! The nonhomogeneity in the vertical
direction makes the application of this technique difficult for
descending flight paths. Also much of this work, particularly
the more recent contributions, has emphasized structural
responses for flight through the gust field. These responses
are often characterized by complicated mode shapes, and
large amounts of aerodynamic data are required in the
analysis. Fortunately, in guidance and control applications
considerable simplification is possible.
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For many applications, a linear dynamical model of the
aircraft based on the rigid body approximation is appropriate.
Etkin2® utilized the linearized rigid-body aircraft model and
introduced the novel concept of approximating the turbulent
gust field locally by a truncated Taylor series. Thus, in the
spatial domain spanned by the aircraft, the gust velocity is
approximated by the sum of uniform and gradient com-
ponents. The forces and moments acting on the aircraft are
given by linear influence coefficients closely resembling the
usual aircraft ““stability derivatives.”” Chalk et al. '° present a
set of rational approximations to the power-spectral densities
for the uniform and gradient components given by Etkin.
These approximations, based on the Dryden model for the
turbulence, ' are quite adequate for the uniform components,
but they tend to underestimate the intensity of the gradient
components.

A second approach, similar to that developed by Sketon, 2
is used here. The effective uniform and gradient components
are found by averaging over several key points on the aircraft.
It is found that as few as five points give a reasonable degree
of approximation. This technique gives a straightforward
method for determining the correlations for the uniform and
gradient components based on the correlation model for the
turbulent gusts. Once these correlations are determined, low-
order linear shaping filters are found to approximate the
correlations of the uniform and gradient components. The
coefficients in these shaping filters depend upon one ad-
ditional parameter, (3, the ratio of aircraft size to turbulence
scale. Because the analysis of linear systems forced by white
noise is relatively straightforward, these models for the gust
disturbances on the aircraft provide an effective tool for
control system design.

Correlations for the Uniform and Gradient Components

The effective uniform and gradient components are found
by averaging over the five points indicated in Fig.3.
The averaged components are given by

u0=1/5[u(£’n) +u(§+§*:7’l) +U(£_E*,'f,’)

ctulE )+ ulsm—ns) ]

1
Uy=—

T [u(E+Exm) —ulE—Exn) ]

1
Uy=—>-— [u (&, +nx)~u(é,n—n0)]
1)*

where u referes to the longitudinal gust velocity in aircraft
path axes, and the subscripts 0, x, y refer to the uniform
component and the longitudinal and lateral gradients,
respectively.

Similar expressions are obtained for vy, v, v,, Wy, w,, W,,
the lateral and vertical gust velocities and gradients. These
equations represent estimates of the effective uniform and
gradient components which minimize the sum of the squared
velocity errors at the five points. Using these equations, the
correlations of the uniform and gradient components are
determined. For example

1
E{uy(g)uy(gl) }: ﬁ [Ruu(g_g,’o) 'Ruu(g_f/:}’l*)l

The equations for all possible correlations are straightforward
to calculate and are given in detail in Ref. 6. It now remains to
determine appropriate positions in relation to the aircraft for
the five points.

A reasonable approximation for the aerodynamic force
distribution on an airplane is an elliptic lift distribution on the
wind quarter-chord line plus two lifting points at the tail and
nose. In Fig. 3 the points D and E are chosen to be at the tail
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FLIGHT PATH

Fig. 3 Geometry of the five-point approximation.

and nose. Point A is chosen at the mass center. The points B
and C are chosen so that the auto-correlation of the rolling
moment (the quantity most affected by the placement of B
and C), calculated using the three points on the wing, closely
approximates the autocorrelation calculated using the elliptic
lift distribution (as in Eggleston and Diedrich '*). This gives a
value of ¢ =0.85b/2. Figures 4 and 5 show the comparison
for two values of the ratio of aircraft size to turbulence scale.
The parameter 8 is defined as b/2L or the wing semispan to
turbulence scale ratio. Also shown in these figures are the
correlations recommended by Chalk et al. in MIL-F-8785-
B.'% As can be seen in the figures, the correlations derived
here, using the three-point approximation for the wing
aerodynamics, are better approximations.

Now, having determined an appropriate set of points for
the approximation, all of the correlations between the various
uniform and gradient components can be determined.
However, the correlations so derived are still in a form which
is difficult to apply in practice. In order to make the model
more practical to use, linear shaping filters with output
correlations approximating those just derived are determined.
A general technique for finding an approximate linear
shaping filter based on correlation data is presented in the
Appendix. The following equations summarize the resulting
model for the uniform and gradient gust disturbances which
excite the lateral aircraft dynamics. Similar equations were
derived for the longitudinal disturbances and are given in
Ref. 6.

vy 0 1 0 0 78
Ux S S22 0 0 Uy
d —
ag u, - I3 T 0 u,
| w, L 0 0 0 Jus LW, |
[ 0 0 0 n;
Y22 v 0 n2
f 0 wv;; 0 n2
L0 0 vy N3

where £ is the distance along the path and #; is white noise
with correlation

Efn,(§)ni(£2)) =02L5(51—£2)
Sul?=—(1+8)"8 """

Sl =—=0.5(1+33)3%"

fu =—0.167f,

fiL =—0.4(1+28)/8
fu =15f3

Y2 =—Ju
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These functions of 3 were determined by rounding the

parameters determined by a least-squares fit using a function

of the form
S(B) =a,(I+a,B)*3B3%

Figures 6 a through 6¢ show a comparison of some of the

correlations for the linear shaping filters and for the five~‘
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point averaged correlation model. The sharp peaks in the
correlations for the five-point approximation occur because
of the discrete approximation. The correlations for the linear
shaping filters are seen to be smooth approximations to the
five-point correlations. .

Lateral Autopilot Design for Landing
in a Crosswind
The lateral motions of a DC-8 aircraft during an automatic
decrab maneuver are now investigated. Quadratic optimal
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control design techniques were used’ assuming accurate in-
formation regarding the lateral aircraft state variables
(position, velocity, attitude, and attitude rates) to be
available. Obviously this is the limiting case that gives the best
possible performance.

Steady Crabbed and Decrabbed Flight

The decrab maneuver takes the aircraft from steady
crabbed flight (zero sideslip with respect to the air and zero
roll angle) to steady decrabbed flight (zero sideslip with
respect to the ground and nonzero roll angle), while main-
taining the horizontal component of the aircraft velocity
parallel with the runway centerline. The required initial crab
angle and final roll angle and control deflections are readily
calculated from static force and moment considerations.
Thus, the initial crab angle is given by

Y.==-U/V
where U,=mean lateral wind velocity and V=aircraft

velocity. For the DC~8 aircraft the final roll angle and
control deflections are given by

¢ =—459U,/V
ba =—1.30U,/V

or

I

2.12U,/V

Quadratic Optimal Design

For the quadratic optimal design procedure, a performance
index is chosen which appropriately weights the aircraft at-
titude and path deviations against the control. The per-
formance index is then optimized, subject to the constraints of
the aircraft dynamics. For the case of the decrab autopilot, a
reasonable choice for the performance index is

1= LG () (o) 3]

Choosing the weighting factors

Y+ =15ft(4.6m)
V. =2 deg (.035rad)
6a.=10deg (.17rad)
and
or+ =10 deg (.17rad)
yields the control law
dba=—3.57¢p" —2.47¢—4.63y' —1.60y —8.55¢—0.659y

or=—0.233¢" —0.4960—9.19%y" —3.63y —2.92¢ —0.0996y

where ¢, ¥, and e are the roll, yaw, and path azimuth angles
(deg), ¢’ and ¥’ are the roll and yaw rates (deg/hft), éa and
or are the aileron and rudder deflections (deg), and y is the
lateral position (ft). The independent variable is distance
along the path, £, measured in units of hundred-feet (hft). The
closed-loop poles using this control law are shown in Fig. 7.

In the presence of a steady crosswind, this control law will
give undesirable steady offsets. To remove the steady offset,
the control law is augmented with integrals of the lateral
position and yaw attitude deviations. In order to keep the
closed-loop characteristics as prescribed by the quadratic
optimization procedure, a linear combination of the aircraft
states is added to each control. The resulting control law, with
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Fig. 7 Closed-loop poles for the quadratic optimal law, where
x =open-loop poles, 0 =closed-loop poles, and A = additional poles
for integral control action.

the additional closed-loop poles due to the integral action
chosen as shown in Fig. 7, is

ba=—5.796p" —4.5670—7.703y" —2.768y
—22.21€—2.547y —0.19785+0.2502y
8r=0.1203¢" —0.6733¢ — 14.01y" —6.995
—5.658¢—0.2750y —0.02985 — 1.657
dy/dE=y
dy/de=y

A more detailed discussion of this control law is given in Ref.
23. An interesting property of the control law is that it is
equivalent to estimating the offset due to the constant
disturbance with a reduced-order observer and feeding this
estimate back using the quadratic-optimal control law.

Mean Response for the Decrab Maneuver

Using the logarithmic wind profile discussed earlier, the
mean response of the aircraft under autopilot control can be
computed. A value of 3.5 ft/sec (1.1 m/sec.) is chosen for the
friction velocity. This value corresponds to a value of rms tur-
bulent gust velocity of 7 ft/sec, which is exceeded only one
percent of the time (see Fig. 1), and yields a wind shear of 14
ft/sec/hft which is at the top of the moderate range as
classified by the ICAO.** A value of 5 ft (1.5m) for the
roughness length is chosen as typical of a suburban en-
vironment (see Table 1). Assuming the wheel height profile
shown in Fig. 8, the crosswind is determined as a function of
range. This height profile assumes a flare which begins at a
height of 50 ft (15m) and which linearly reduces the glide slope
from 3 deg (0.05 rad) tp 0.5 deg (0.008 rad) just before touch-
down.

The mean response for the decrab maneuver using the in-
tegral-augmented optimal design for the DC-8 aircraft is
shown in Fig. 9. The initial conditions are chosen to be the
nominal configuration at the end of the approach. The lateral
position and path angle are aligned with the runway cen-
terline, the wings are level, and the yaw attitude is crabbed in-
to the wind. The initial conditions on the integrators of lateral
position and yaw attitude are chosen to provide a continuous
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control at the initiation of the decrab maneuver. The
maneuver is performed smoothly with only slight offsets in
yaw and position. These small offsets result because the
height-dependent crosswind acts as a ramp input to the ““type-
1”’ controller. The small roll angle is necessary to maintain the
required aerodynamic sideslip without allowing the aircraft to
drift sideways with respect to the ground.

Turbulent Gusts (rms Lateral Aircraft Response)

In order to determine whether advantage can be taken of
the ability to predict ahead using the statistical model of the
turbulence, the behavior of the aircraft is analyzed using
minimum-variance control theory. If the models for the ef-
fective gust disturbances are combined with the linearized
lateral aircraft equations, a tenth-order linear system forced
by white noise results. An important result of optimal control
theory states that the optimal control law for a performance
index equal to the expected value of an integrated quadratic
form in the state and control is a linear function of the state
and does not depend upon the white noise disturbances. *>*
Using the expected value of the performance index used in the
previous quadratic-optimal control design, the optimal con-
trol law including feedback of the wind states can be deter-
mined. Several important properties of this control law and
the resulting aircraft response should be noted. First, the feed-
back gains for the aircraft states do not depend upon the gust
disturbance model. Second, the feedback gains for the wind
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states do not depend upon the rms turbulent velocity. Third,
the covariance of the controlled aircraft response depends
linearly on the variance of the turbulent gust velocity.

The controlled rms aircraft response for an rms gust
velocity of 1 ft/sec (0.3m/sec) using the optimal gust feedback
for various values of the turbulence scale is shown in Fig. 10.
For comparison purposes, the rms aircraft response using
only the feedback of aircraft states (the optimal control for
purely random, white-noise wind gusts), is also shown in the
figure. For larger values of turbulence scale, significant im-
provement in the rms aircraft response can be made by
feeding back the wind states. However, near the ground when
the turbulence scale is relatively small, little improvment is
made.

The previous results assumed the gust inputs to be a
stationary process. During the approach and decrab
maneuver, the turbulence scale gets smaller and smaller as the
height is reduced. Since this reduction in height is con-
siderably smaller than the horizontal distance traveled, the use
of the linear shaping filter model is still appropriate, except
that the turbulence scale parameter is made to vary with
height. Using the same height profile as in the mean response
calculation, the rms aircraft response as a function of range is
shown in Fig. 11. The integral-augmented optimal control law
is used and the initial covariances are taken to be the
stationary optimal values from the previous results. The rms
turbulent velocity is taken to be the 99% confidence value of 7
fps (2.1 m/sec). The resulting rms lateral position of 1.2 ft
(0.37m) at touchdown is an order of magnitude below the
value of 13 ft (4m) suggested for autoland systems by the
FAA. It must be remembered, however, that the FAA value
includes the lateral dispersion due to all sources of error. The
excellent performance of the integral-augmented, optimal
controller for wind disturbances indicates that it should be
possible with accurate navigation sensors to be well within the
accuracy required for Category III (zero visibility) automatic
landings.
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Summary and Conclusions

In the first section, the available information on the
statistical characteristics of the wind was reviewed. It was
found that the logarithmic mean wind profile and the
isotropic von Karman correlation functions for the turbulent
fluctuations describe the wind reasonably well. Very near the
ground, there are some deviations from the isotropic
behavior, but in the absence of a better three-dimensional
model, the isotropic relations were used throughout. Future
work could be well spent in determining an improved
engineering model of the three-dimensional wind gust
correlations in the surface layer.

In the second section, a systematic procedure was developed
for approximating the forces and moments due to the at-
mospheric turbulence acting on the aircraft. The resulting
linear shaping filters provide a model for both the analysis of
the aircraft’s response to the mean wind shear and turbulence
and the effective design of practical autopilots. This model,
for the first time, incorparates the full three-dimensional
character of the turbulence based on the von Karman model in
a form which is also practical to use for auto-pilot design.

The third section dealt with the design of lateral autopilots
for landing an aircraft in the presence of a crosswind. The
effects of both the mean wind shear and the resulting tur-
bulence were considered. It was found that the optimal
control design technique provides an effective method for
choosing the basic structure as well as optimizing the
parameters for such a complicated multiloop system. To
provide improved response in the presence of the mean wind,
integral-error states were added. The nonstationary rms
response was determined for a DC-8 aircraft which showed an
rms lateral touchdown dispersion of only 1.2 ft. (0.37m) due
to wind gust effects.

Appendix: Determination of a Linear Shaping
Filter to Match Given Correlation Data
Suppose a vector process x satisfies a set of linear dif-
ferential equations
dx/dt=Fx+Ty
where 7 is white noise with zero mean and correlation

E{n(&)n"(§) ) =ql6(5,—£))
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The state covariance, x(£) =E{xx’}, is then given by

dx/d¢=Fx+xFT+qI'T 7
and the correlation function

C(£,8,)=E{x(£)x7(&,))
by

d
d—éC(E,Ez)=FC(£,EI)

C(EL,E)=x(&)

Integrating the correlation equation for constant Fyields

Clengn ~x(E)=F| C(te,)ds
&

or

=108 —x(en 1] Cleedg) -

This equation can now be used to compute the system
dynamics matrix F, given the state correlation C(£,£,). In
cases when F'may be slowly varying, the equation can also be
used providing the interval (£,,£,) is chosen small enough.
Once an appropriate F matrix is determined, the disturbance
distribution matrix I' can be determined from the covariance
equation

I‘I‘”-'—LF FT
= q(x+x )

To provide a unique result, I' is chosen to be upper triangular
and g is chosen to be any convenient value.
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