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This paper is concerned with the guidance of flight trajectories in the presence of windshear. The penetration landing
problem is considered with reference to flight in a vertical plane. In addition to the horizontal shear, the presence of a
downdraft is assumed. First, the optimal trajectory is determined by minimizing a performance index measuring the de-
viation of the flight trajectory from the nominal trajectory, subject to touchdown constraints, under the assumption
that two controls are available, the angle of attack and the power setting. Also, a quasioptimal trajectory is determined
under the assumption that only one control is available, the angle of attack; the power setting is specified in advance,
based on the optimal trajectory results, Numerical experiments indicate that the quasioptimal trajectory is close to the
optimal trajectory. Next, a gnidance scheme is constructed in which the angle of attack is determined by the windshear
intensity, the absolute path inclination, and the glide slope angle, whereas the power setting is determined by the wind-
shear intensity and the velocity. Finally, for low-altitude penetration landing, a simplified gnidance scheme is con-
structed by controlling the angle of attack via absolute path inclination signals, while keeping the power setting at the
maximum permissible value after the windshear is detected. Numerical experiments indicate that the guidance trajec-
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tories are close to the optimal trajectory.

Nomenclature
=drag coefficient
C, =lift coefficient
= drag force, 1b
= acceleration of gravity, ft/s?
= altitude, ft
=lift force, 1b
=mass, Ib s2/ft
=reference surface area, ft2
=thrust force, b
=relative velocity, fps
= mg = weight, 1b
» =h-component of wind velocity, fps
= x-component of wind velocity, fps
=horizontal distance, ft
=relative angle of attack, rad
=engine power setting
=relative path inclination, rad
=absolute path inclination, rad
= glide slope inclination, rad
=thrust inclination, rad
=pitch attitude angle (wing), rad
=wind intensity parameter
= air density, b s2/ft*
= final time, s
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I. Introduction

OW-ALTITUDE windshear is a threat to the safety of

aircraft in takeoff and landing.! Over the past 20 years,
some 30 aircraft accidents have been attributed to wind-
shear. The most notorious ones are the crash of PAN AM
Flight 759 on July 9, 1982, at New Orleans International Air-
port (Boeing B-727, in takeoff?) and the crash of Delta
Airlines Flight 191 on August 2, 1985, at Dallas-Fort Worth
International Airport (Lockheed L-1011, in landing3).

Low-altitude windshear is usually associated with a severe
meteorological phenomenon, called the downburst. In turn, a
downburst involves a descending column of air, which then
spreads horizontally in the neighborhood of the ground. This
condition is hazardous, because an aircraft in takeoff or land-
ing might encounter a head wind coupled with a downdraft,
followed by a tail wind coupled with a downdraft. Hence, an
inadvertent encounter with a low-altitude windshear can be a
serious problem for even a skilled pilot.

This paper is concerned with the penetration landing
problem.%’ When the pilot of an aircraft on a glide path de-
tects an encounter with a low-altitude windshear, he must
choose between abort landing®'? and penetration landing.!!"'
Clearly, if the initial altitude is high enough, abort landing is a
safer procedure than penetration landing; on the other hand,
if the initial altitude is low enough, the opposite might be true.
In low-altitude penetration landing, the aircraft might have to
traverse only a part of the shear region; in low-altitude abort
landing, the aircraft might have to traverse the whole of the
shear region. ‘

When studying the penetration landing problem one can
take two points of view: optimization and guidance. In op-
timization studies,® one assumes that global information on
the wind flowfield is available and determines the optimal tra-
jectory, namely, the flight trajectory minimizing a suitable
performance index, while satisfying the constraining relations.
In guidance studies,” one assumes that only local information
on the wind flowfield is available and determines a near-
optimal trajectory, namely, a trajectory that approximates the
behavior of the optimal trajectory.
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To sum up, this paper deals with the guidance of penetra-
tion landing trajectories in the presence of windshear. We con-
sider flight in a vertical plane, governed by either two controls
(the angle of attack and the power setting) or one control (the
angle of attack, if the power setting is predetermined). We im-
pose inequality constraints on the angle of attack, the power
setting, and their time derivatives. Also, we impose the follow-
ing requirements:

1) The absolute path inclination at touchdown is to be —0.5
deg.

2) The velocity at touchdown is to be within 30 knots of the
nominal value. "

3) The horizontal distance at touchdown is to be within 1000
ft of the nominal value.

4) The deviation of the flight trajectory from the nominal
trajectory is to be small.

Under these constraints, we determine the control distribu-
tion that minimizes a performance index measuring the devia-
tion of the flight trajectory from the nominal trajectory. In
turn, the nominal trajectory includes two parts: the approach
part, in which the absolute path inclination is constant, and
the flare part, in which the absolute path inclination is a linear
function of the horizontal distance.

We close this introduction by noting that the present paper
is part of a comprehensive research program undertaken at
Rice University on optimal trajectories, guidance schemes,
and piloting strategies for takeoff, abort landing, and penetra-
tion landing. For previous studies of optimal trajectories and
guidance schemes for takeoff and abort landing, see Refs.
8-10 and 16-21.

For the penetration landing problem, an important differ-
ence between this paper and Refs. 11-15 must be noted. In
Refs. 11-15, attention was focused on only the approach path,
with the intent of satisfying requirement 4. In this paper, at-
tention is focused on both the approach path and the flare
path, with the intent of statisfying all four requirements.

Not only is this larger number of requirements significant
from a flight mechanics point of view, but also from a control
point of view. Indeed, in standard control practice,???* the
number of required outputs is usually equal to the number of
controls (in the present case, two). If the number of required
outputs exceeds the number of controls, the design of guid-
ance and control systems becomes considerably more compli-
cated.

- II. Equations of Motion

We make use of the relative wind-axes system in connection
with the following assumptions: 1) the aircraft is a particle of
constant mass; 2) flight takes place in a vertical plane; 3)
Newton’s law is valid in an Earth-fixed system; and 4) the
wind flowfield is steady.

With the preceding premises, the equations of motion in-
clude the kinematical equations

x=Vcosy+ W, (1a)
h=Vsiny+ W, (1b)
and the dynamical equations
V=(T/m) cos(a+8)—D/m—g siny
— (W, cosy+ W), siny) (2a)
v =(T/mV) sin(ei + 6) + L/mV ~ (g/ V)cosy
+ 1/ V)W, siny — W,,cosy) (2b)

Because of assumption 4, the total derivatives of the wind

i
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velocity components and the corresponding partial derivatives
satisfy the relations

W, =(@W,/0x)(V cosy+ W)

+(dW,/3R)(V siny + W),) (3a)
W, = (0W,/3x) (V cosy + W)

+ (3W,/3h) (Vsiny + W) (3b)

These equations must be supplemented by the functional rela-
tions

T=T(hV.B) (4a)
D=D(hV,a), L=L(hV,a) (4b)
W, =W, (x,h), Wy =W, (x,h) 4o

and by the analytical relations
v, =arctan[(Vsiny + W,)/(V cosy + W,)] (5a)
0=a+vy (5b)

For a given value of the thrust inclination §, the differential
system [Eqgs.(1-4)] involves four state variables [the horizontal
distance x(#), the altitude A (¢), the velocity V(¢), and the rel-
ative path inclination v (¢)] and two control variables [the an-
gle of attack a(2) and the power setting 3(#)]. However, the
number of control variables reduces to one (the angle of at-
tack), if the power setting is specified in advance. The quanti-
ties defined by the analytical relations (5) can be computed a
posteriori, once the values of the state and the control are
known.

Angle of Attack Bounds

The angle of attack « and its time derivative & are subject to
the inequalities

asa,, —qsSa<a, ©6)

where a, is a prescribed upper bound and «. is a prescribed,
positive constant.

For the guidance trajectories, inequalities (6) are enforced
directly. For the optimal trajectories, inequalities (6) are en-
forced indirectly via the following transformation technique:

o= — u? (7a)
U= —(a/2u)sin ¢, u|ze (7b)
U= — (o /2u) sin?(wu/2¢) sing, lu|<e (70

Here, u(t), ¢ (¢) are auxiliary variables and e is a small, posi-
tive constant that is introduced to prevent the occurrence of
boundary singularities. Note that the right-hand sides of Egs.
(7b) and (7c) are continuous and have continuous first deriva-
tives at |u|=e¢. Clearly, when using Egs. (7) in conjunction
with Egs. (1-4), one must regard a(#), u(#) as state variables
and ¢(¢) as a control variable.

Power Setting Bounds

The power setting 8 and its time derivative § are subject to
the inequalities
Br=B=l, —-B.=f=B. ®)

where 3, is a prescribed lower bound and 8. is a prescribed,
positive constant.
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Fig. 1 Horizontal wind function A(x) and vertical wind function
B(x).

For the guidance trajectories, inequalities (8) are enforced
directly. For the optimal trajectories, inequalities (8) dre satis-
fied directly if the power setting is specified in advance. On the
other hand, if the power setting is not specified in advance
[that is, if 8(¢) is regarded as a control], it is convenient to
rewrite inequalities (8) in the form

Y (92)
g=1 (9b)
—B+=B=B. © (%)

Then, inequality (9a) is enforced indirectly via a penalty func-
tion technique, whereas inequalities (9b) and (9¢) are enforced
indirectly via the following transformation technique, which is
analogous to that described by Eqs. (7):

B=1—w? (10a)
W= —(B+/2w) siny, RETL (10b)

W=7 (10c)

Here, w(t), ¢ (¢) are auxiliary variables and 5 is a small, posi-
tive constant, which is introduced to prevent the occurrence of
boundary singularities. Note that the right-hand sides of Eqs.
(10b) and (10c) are continuous.and have continuous first de-
rivatives at |w|=7. Clearly, when using Eqs. (10) in conjunc-
tion with Eqgs. (1-4), one must regard §(¢), w(t) as state vari-
ables and y/(¢) as a control variable.

W= — (B./2w) sin2(7w/2y) siny,

II1. System Description

The numerical examples of this paper refer to a Boeing B-
727 aircraft powered by three JT8D-17 turbofan engines. It is
assumed that the runway is located at sea-level altitude; the
ambient temperature is 100°F; the gear is down; the flap set-
ting is 6 =30 deg; the landing weight is #'=150,000 1b.

Thrust

The dependence of the thrust on the altitude is disregarded,
and the function (4a) is written as

T=8T.(V) an

The reference thrust 7. (¥) is given in Fig. 1a of Ref. 6. The
power setting 3 is subject to inequalities (8), with 8. =0.2 and
Bx=0.3/s.

Aerodynamic Forces
_The dependence of the drag and the lift on the altitude is
disregarded, and the functions (4b) are written as

D=(1/2)Cp(a)pSV?, L=(1/2)C()pSV? (12)
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The drag coefficient Cp, (@) is given in Fig. 1b of Ref. 6, and
the lift coefficient C; («) is given in Fig. 1c of Ref. 6. The angle
of attack « is subject to inequalities (6), with o« =17.2 deg
and ax =3.0 deg/s.

Wind Model
The dependence of the horizontal wind on the altitude is dis-

regarded, and the functions (4c) are written as

W, =N (x), Wy, =N(h/hs)B(x) (13a)

with
AN=AW, /AW (13b)

The function A (x) represents the distribution of the horizon-
tal wind vs the horizontal distance (Fig. 1); the function B(x)
represents the distribution of the vertical wind vs the horizon-
tal distance (Fig. 1); the parameter A characterizes the intensity
of the shear/downdraft combination; AW, is the horizontai
wind velocity difference (maximum tail wind minus maximum
head wind); AWxx =100 fps is a reference value for the hori-
zontal wind velocity difference; and &. = 1000 ft is a reference
value for the altitude.

The one-parameter family of wind models [Eqs. (13)] has
the following properties:

1) It represents the transition ffom a uniform head wind to a
uniform tail wind, with nearly constant shear in the core of the
downburst. ‘ _

2) The downdraft achieves maximum negative value at the
center of the downburst.

3) The downdraft vanishes at A=0.

4) The functions W,, W, nearly satisfy the continuity equa-
tion and the irrotationality condition in the core of the
downburst.

Decreasing values of N\ correspond to milder windshears;
conversely, increasing values of A correspond to more severe
windshears. If one excludes the 1983 windshear episode at An-
drews Air Force Base, the highest value of A\ ever recorded is
A=1.40, corresponding to AW,=140 fps. Hence, in this
paper, the following values of \ are considered:

A=1.0, 1.2, 1.4 (14a)
corresponding to
AW,=100, 120, 140 fps (14b)

For additional information concerning wind models, see Refs.
24 and 25.

Initial Conditions

For the examples of this paper, the following initial condi-
tions are assumed:

xo=0ft (15a)

hy =200, 600, 1000 ft (15b)
V= Vi + 10 knots = 142 knots (15¢)
Yeo=—3.0deg 154d)

The initial values v,, o, 8y; By are computed using Eqgs. (15)
and the assumption of quasisteady flight prior to the wind-
shear onset.

Final Conditions

Concerning the altitude at touchdown, the following value
is assumed:

h,=0ft (16)
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For both the guidance trajectories and the optimal trajec-
tories, Eq. (16) determines indirectly the final time 7, which is
free.

Concerning the absolute path inclination at touchdown, the
following value is assumed:

Yer = —0.5 deg (17a)
For the optimal trajectories, precise satisfaction of Eq. (17a) is
required. For the guidance trajectories, Eq. (17a) is replaced
with the double inequality
-1.0=<7,,=<0.0deg (17b)
whose satisfaction is achieved via the structure of the guidance
scheme.
Concerning the velocity at touchdown, the following ine-
quality is assumed:

VsV, <V, (18a)

The lower bound V,, the upper bound V,, and the nominal
velocity at touchdown V, are given by®’

V,= V, —30 knots = 112 knots (18b)
V,=V.+30knots =172 knots (18¢)
V,=V,= 142 knots (189)

The lower bound [Eq. (18b)] is determined by the fact that,
if the velocity is too low, it is difficult to control the trajectory
in such a way that the touchdown path inclination requirement
[Eq. (17a) or (17b)] can be met. The upper bound [Eq.(18¢)] is
determined by the need for containing the runway length
needed for depleting the velocity to zero after touchdown. For
the optimal trajectories, inequality (18a) is enforced indirectly
via a penalty function technique and/or via the trigonometric
transformation

V,=(Vy+ V) 2+ (V,— V)/2] sinp (18¢)

where p denotes a parameter to be determined. For the guid-
ance trajectories, satisfaction of inequality (18a) is achieved
via the structure of the guidance scheme.

" Concerning the distance at touchdown, the following ine-
quality is assumed:

X <X, <X, (19a)

The lower bound x,, the upper bound x,, and the nominal dis-
- tance at touchdown x, are given by%’

X,=x, — 1000 ft (15b)
x, =X, + 1000 ft (1%)

x,=(h;— ho)/tanyo — 2h,/ (tany q + tany,,)
=19.1h, + 682 ft (19d)

Here, #, is the initial altitude; k=50 ft is the altitude at the
end of the approach path/beginning of the flare path;
Yeo = — 3.0 deg is the absolute path inclination at the initial
point; and v,, = —0.5 deg is the absolute path inclination at
touchdown.

The bounds [Egs. (19b) and (19c)] are determined by the
need of avoiding excessive undershooting/overshooting of the
nominal touchdown distance. For the optimal trajectories, in-
equality (19a) is enforced indirectly via a penalty function
technique and/or via the trigonometric transformation

X, =(x,+x,)/2+[(x, —x;)/2] sing (19)
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where ¢ denotes a parameter to be determined. For the guid-
ance trajectories, satisfaction of inequality (19a) is achieved
via the structure of the guidance scheme.

Nominal Trajectory

In the absence of windshear, the geometry of a nominal
landing trajectory A (x) can be computed, based on simple as-
sumptions on the distribution of slopes. Let the nominal glide
path be subdivided into an approach path and a flare path.
Assume that the slope of the approach path is constant and
that the slope of the flare path is a linear function of the hori-
zontal distance. Upon integration, one sees that the function
A(x) is described by a linear relation for the approach path
and a quadratic relation for the flare path (see Refs. 6-7 for
details). )

IV. Optimal Trajectories

Optimal trajectories can be generated by assuming that two
controls are available: the angle of attack a () and the power
setting B(#). For this problem, the feasibility relations include:
the state equations (1-4); the inequality constraints (6), con-
verted into equality constraints by means of Egs. (7); the ine-
quality constraints (9b) and (9¢c), converted into equality
constraints by means of Eqgs. (10); the initial conditions (15);
the final conditions (16) and (17a); and the inequality con-
straints (18a) and (19a), converted into equality constraints by
means of Egs. (18¢) and (19e). The power setting constraint
(9a), omitted from the feasibility relations, is reintroduced
into the problem via a penalty term.

The preceding system includes eight state variables [x(z),
h(t), V(2), v(t), a(t), u(t), B(t), w(r)l, two control varia-
bles [¢ (), ¥(¥)], and three parameters (p, g, 7). With this
understanding, we formulate the following Bolza problem
[problem (P)]: Subject to the previous constraints, minimize
the functional

T

I=(1/1h2*)So[h——If(x)]2dt— (1/7)50K1(B— 1.58.4)3dr

T

—(I/TW*)SOKZ(VO - VRt + K/ VANV, — V,)?
+ (Ky/x%)(x, — x,)? 20
Here, 7 is the flight time; h. = 1000 ft is a reference altitude;

V. =V, is a reference velocity; and x. = 1000 ft is a reference
distance. The penalty coefficients have the following values:

K, =0, if 8—1.58% =0 (21a)
K, =100, if B—1.58% <0 (21b)
K,=0, if Vo— V=0 10)
K,=1, if V,— V<0 (21d)
K;=0.02h/h., (le)
K,=0.02 h/h, @19

The functional (20) is the sum of a basic quadratic term, two
cubic penalty terms, and two quadratic penalty terms. The
basic quadratic term measures the deviation of the flight tra-
jectory from the nominal trajectory. The first cubic penalty
term forces the satisfaction of inequality (9a); the second cubic
penalty term avoids excessive overshooting of the velocity ¥,
along the trajectory. The first quadratic penalty term forces
the touchdown velocity to be near its nominal value; the se-
cond quadratic penalty term forces the touchdown distance to
be near its nominal value.

With reference to Egs. (20) and (21), the following com-
ments are in order:

1) The weighting factor 1.5 in the power setting term ensures



810

that the lower boundary for the power setting is not under-
shot.

2) Strictly speaking, the presence of the last two terms in Eq.
(20) is not necessary, owing to the use of Egs. (18¢) and (19¢).
In practice, such presence leads to touchdown values for the
velocity and the distance that are close to the nominal values.

V. Quasioptimal Trajectories

Quasioptimal trajectories can be generated by assuming that
only one control is available, the angle of attack a(f), under

the assumption that the power setting 8(¢?) is given. For this -

problem, the feasibility relations include: the state equations
(1-4); the inequality constraints (6), converted into equality
constraints by means of Eqs. (7); the initial conditions (15);
and the final conditions (16) and (17a). The inequality
constraints (18a2) and (19a), omitted from the feasibility rela-
tions, are reintroduced into the problem via penalty terms.

The preceding system includes six state variables [x(z),
h(2), V(2), v(1), a(t), u(?)], one control variable [¢ (#)], and
one parameter (7). With this understanding, we formulate the
following Bolza problem [problem (Q)]: Subject to the previ-
~ ous constraints, minimize the functional

T

I=(1/Th2*)go[h—if (X)12dr + (K3 / VAWV, — V)2

+ (Ko /X0, — X, ) 22

The penalty coefficients have the following values:
K;=0.002 (23a)
K,=0.002 (23b)

The functional (22) is the sum of a basic quadratic term and
two quadratic penalty terms. The basic quadratic term
measures the deviation of the flight trajectory from the nomi-
nal trajectory. The first quadratic penalty term forces the
touchdown velocity to be near its nominal value; the second
quadratic penalty term forces the touchdown distance to be
near its nominal value.

If we compare problem (P) with problem (Q), we see that
the latter differs from the former in four ways:

1) Equations (10), which account for the inequality con-
straints (9b) and (9¢), are excluded from the feasibility rela-
tions. ’

2) The cubic penalty term, which accounts for the inequality
constraint (9a), is excluded from the objective functional.

3) The cubic penalty term, which avoids excessive over-
shooting of the velocity Vj, is excluded from the objective
functional.

4) Equations (18¢) and (19¢), which force the satisfaction of
the inequality constraints (18a) and (19a), are excluded.

The common reason for these differences is that the pres-
ence of such terms is rendered unnecessary by the assumed
power setting 8(f). More specifically, the power setting B(z),
derived from the analysis of the results pertaining to the opti-
mal trajectories of Sec. IV, is described as follows:

1) For the shear portion of the trajectory, the maximum
power setting is maintained; that is, the function B(?) is given
by

O<t=o

6=BO+BOL
B=1,

(24a)

osI<w (24b)
with o=(1-— Bo)/Bo. Here, t=0 is the initial time, =g is the
time at which the maximum power setting is reached, and t=w
is the time at which the shear terminates; also, 3, is the initial
power setting, and Bo is the initial time rate of increase of the
power setting, chosen to be 8,=0.2/s.

2) For the aftershear portion of the trajectory, the maxi-
mum power setting is maintained if V<V, and the reduced
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Fig. 2b Optimal trajectories, 7, =600 ft, A =1.2: relative velocity V'
vs distance x.

power setting is maintained if V> V; that is, 8(¢) is supplied
by the following relationship:

B—Bo=—1(1=Bo)/ (Vo= VIV - Vo)
Bs=B=1,

(25a)

wsi<T

(25b)

VI. Numerical Results for Optimal Trajectories

Problems (P) and (Q) were solved with the sequential
gradient-restoration algorithm, employed in conjunction with
the primal formulation (PSGRA).??" Computations were
performed at Rice University using an NAS-AS-9000 com-
puter. Several combinations of initial altitude and windshear
intensity were considered, specifically:
1000 ft

hy =200, 600, (26a)

A=1.0, 12, 1.4 (26b)

For a particular case, namely, s, =600 ft and A=1.2, the
numerical results are presented in Fig. 2. This figure includes
four parts: the altitude 4 (Fig. 2a); the relative velocity V (Fig.
2b); the relative angle of attack o (Fig. 2¢); and the power set-
ting 8 (Fig. 2d). For more detailed results, see Ref. 7.

From the numerical results, upon comparing the optimal
trajectory (OT), the quasioptimal trajectory (QOT), and the
nominal trajectory (NT), certain general conclusions become
apparent: ‘

1) The OT and the QOT are geometrically close to one

another, and both are close to the NT.
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Fig. 2d Optimal trajectories, sy =600 ft, A =1.2: power setting 3 vs
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2) Both the OT and the QOT satisfy the touchdown require-
ments concerning the absolute path inclination, the velocity,
and the distance.

With particular reference to strong-to-severe windshears,
the OT and the QOT exhibit the following characteristics:

1) The angle of attack has an initial decrease, which is fol-
lowed by a gradual, sustained increase. The largest value of
the angle of attack is attained near the end of the shear; in the
aftershear region, the angle of attack decreases gradually.

2) Initially, the power setting increases at a nearly constant
time rate until the maximum power setting is reached; then,
the maximum power setting is maintained in the shear region.
In the aftershear region, the power setting decreases gradually.

3) The relative velocity decreases in the shear region and in-
creases in the aftershear region. The point of minimum velo-
city occurs at the end of the shear.

4) Depending on the initial altitude and the windshear inten-
sity, the deviations of the flight trajectory from the nominal
trajectory can be considerable in the shear region; however,
these deviations become small in the aftershear region, and the
flight trajectory recovers the nominal trajectory.

The comparative numerical results of this section show that
the OT of problem (P) and the QOT of problem (Q) are close
to one another. This implies that, for the purposes of con-
structing a guidance scheme, the coupling relation between the
angle of attack and the power setting can be ignored. This sep-
aration result simplifies to a considerable degree the design of
guidance and control systems capable of approximating the
behavior of the optimal penetration landing trajectory in the
presence of windshear.

PENETRATION HANDLING GUIDANCE TRAJECTORIES ' 811

VII. Guidance Trajectories

In this section, we present a guidance scheme whose objec-
tive is to approximate the behavior of the optimal penetration
landing trajectory in a windshear. Whereas the optimal trajec-
tory is based on global information on the wind distribution,
the guidance scheme relies on local information on the hori-
zontal wind acceleration W, the downdraft W, and the state
of the aircraft. In constructing the guidance scheme, the fol-
lowing points must be kept in mind:

1) The guidance scheme is to be such that requirements 1-4
of Sec. I are met.

2) Although the requirements are four, only two controls
are available, namely, the angle of attack and the power set-
ting. )

3) Based on the separation result established in Sec. VI, the
guidance law for the angle of attack can be constructed inde-
pendently of the guidance law for the power setting.

4) The guidance law for the power setting is to be such that
requirement 2 of Sec. I is met.

5) The guidance law for the angle of attack is to be such that
requirements 1, 3, and 4 of Sec. I are met.

6) Since satisfying requirement 4 implies satisfying require-
ment 3, the guidance law for the angle of attack can be
reduced to taking care of only two essential requirements,
namely, requirements 1 and 4 of Sec. 1.

Power Setting

For the power setting, the guidance law must be such that
the maximum power setting is maintained in the shear portion
of the trajectory and velocity recovery is ensured in the after-
shear portion. With reference to strong-to-severe windshears,
the analytical form of the guidance law is given as follows:

Shear portion:
B=1 (27a)
Aftershear portion:

V=V, (27b)

In feedback control form, Egs. (27) can be implemented as
follows:

B—By= —K,(V—Vo)+K,F (28a)
F=W,/g—W,/V (28b)

Ky =(1~Bo)/(Vo— V) (28¢)
K, =(1~B)/F, (28d)
Be=B=1, —B.=B=pu (28¢)

Here, B is the instantaneous power setting and 8, =0.3330 is
the nominal power setting in the absence of windshear; V is
the instantaneous velocity, V, is the nominal velocity, and V,
is the lower bound for the velocity; F is the shear/downdraft
factor, introduced in Ref. 18, and F,=0.1250 is a critical
value for the shear/downdraft factor; X, is the gain coeffi-
cient for velocity error and X, is the shear/downdraft gain co-
efficient. For the assumed values of 8,, V, V,, F,, the gain
coefficients take the following values:

K, =0.01316 s/ft (292)
K,=5.336 (29b)

The power setting feedback control law [Eqgs. (28)] employs
both velocity signals and windshear signals. Concerning the
windshear signals, note that the power setting response is such
that, as F increases, the value of 3 increases, tending to the
maximum value 8=1 as F reaches the critical value F,.
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Angle of Attack

For the angle of attack, the guidance law must be such that,
if there is no windshear or if the windshear is weak, the ab-
solute path inclination v, is constant along the approach path
and is nearly linear with the altitude along the flare path.
Under the same conditions, the glide slope v, is constant along
the approach path (y, =v,= —3.0 deg). Note that the glide
slope is not defined along the flare path. On the other hand, if
the windshear is strong-to-severe, the values of the absolute
path inclination and the glide slope must be corrected for
windshear effects, which increase as the shear/downdraft fac-
tor and the altitude increase. This is suggested by the results of
Sec. VI on optimal and quasioptimal trajectories.

With the preceding understanding, the analytical form of
the guidance law is given by

Ye="Ye(h,F) (30a)
Ye="eo ~ ks h=h; (30b)
Ye=Yah/h;+Ye,(1—h/hy),  h<h, (30c)
p=0, F<F.orh=h, (30d)

r=0.002(1 - F./F)(h/h;— 1), FzF.andhzh; (30e)

and
Ye =" (hF) (1a)
Yo ="eo + s h=h, " (31b)
p=0, F<F,orh=h, (31¢)

©=0.002(1-F./F)(h/h;— 1), FzF. andhzh, (31d)
Here, Eqs. (30) refer to the absolute path inclination and
Eqs.(31) refer to the glide slope. The terms ~p and + u repre-
sent the corrections to the absolute path inclination and the
glide slope due to windshear effects. These corrections vanish
for weak-to-moderate windshears and lower altitudes; they
become increasingly larger for strong-to-severe windshears
and higher altitudes.

In feedback control form, Egs. (30) and (31) can be im-
plemented as follows:

a—a(V)=—K;ly.—7.(hBl - Ky, —1,(hF]  (32a)

K;=5 (32b)
Ky=5(h/hs—1), h=h, (320)

K,=0, h<h, (32d)
s oy, —Gs<a=<as (32¢)

Here, « is the instantaneous angle of attack and a(V) is the
nominal angle of attack!®; v, is the instantaneous absolute
path inclination and v,(k, F) is the nominal absolute path incli-
nation [Eqs. (30)]; v, is the instantaneous glide slope and
Y, (h,F) is the nominal glide slope [Eqgs. (31)]; 4 is the instan-
taneous altitude and s,= 50 ft is the altitude at the end of the
approach path/beginning of the flare path; K}, is the gain coef-
ficient for absolute path inclination error and X is the gain
coefficient for glide slope error. '

The angle of attack feedback control law [Eqgs. (32)]
employs absolute path inclination signals, glide slope signals,
and windshear signals. The function of the absolute path incli-
nation signals is to make sure that the touchdown absolute
path inclination requirement [inequality (17b)] is met. The
function of the glide slope signals is to make sure that the
guidance trajectory is geometrically close to the nominal tra-
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jectory. The function of the windshear signals is to contain the
velocity loss due to windshear action by allowing more altitude
loss at higher altitudes; hence, at lower altitudes, sufficient
velocity is available so that the aircraft can be controlled effec-
tively.

The gain coefficients are adjusted in such a way that their
ratio is given by

K,/Ky=h/hs—1, h=h, (33a)

K,/Ky=0, h=<h, (33b)

Clearly, when computing the values of the angle of attack via
Eqgs. (32), the glide slope signals are predominant at higher al-
titudes (approach path), whereas the absolute path inclination
signals are predominant at lower altitudes (flare path). In this
way, both the absolute path inclination requirement [Eq.
(17a)] and the distance requirement [inequality (19a)] can be
met.

VII. Simplified Guidance Trajectories

From a practical point of view, it must be emphasized that
penetration landing makes sense only if the windshear encoun-
ter occurs at lower altitudes; if the windshear encounter occurs
at higher altitudes, abort landing must be preferred. There-
fore, low-altitude penetration landing deserves particular at-
tention. For this special situation, the guidance scheme of Sec.
VII can be simplified by keeping the power setting at the maxi-
mum permissible value and by controlling the angle of attack
via absolute path inclination signals.

Power Setting

For low-altitude penetration landing, the power setting is
given by the analytical relations

B8="0 +Bot,
B=1, ost=<T (34b)

O<t=<o (34a)

with 0=(1—8,)/B,. Here, 8 is the instantaneous power set-
ting, B, is the initial power setting, 8, is the constant time rate
of increase of the power setting, o is the time at which maxi-
mum power setting is reached, and 7 is the final time.

Strictly speaking, Eqgs. (34) apply only to the shear portion
of the trajectory. However, for low-altitude penetration land-
ing, Egs. (34) apply also to the aftershear portion of the trajec-
tory, since the time span corresponding to the aftershear por-
tion is small. In the aftershear portion, the power setting must
be kept at the maximum value 8 =1, since the velocity at the
end of the shear is lower than ¥}, and hence a velocity increase
is necessary.

Angle of Attack

For low-altitude penetration landing, the analytical form of
the guidance law is given by

Ye="e(h) (352)
Ye="Yeos h=h, (35b)
Ye=Yeaoh/Hs+v,(1—h/hy), h=h, (35¢)

In feedback control form, Eqgs. (35) can be implemented as
follows:

a—a(V)=—Ksly.—7.(h] (36a)
K= (36b)

a<as, — e <A< (36¢)
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Fig. 3b Guidance trajectories, 7, =600 ft, A =1.4: altitude / vs dis-
tance x.

Here, o is the instantaneous angle of attack and (V) is the
nominal angle of attack!®; v, is the instantaneous absolute
path inclination and ¥, (%) is the nominal absolute path incli-
nation [Egs. (35)]; #is the instantaneous altitude and A, = 50 ft
is the altitude at the end of the approach path/beginning of
the flare path; K, is the gain coefficient for absolute path incli-
nation error.

Comparing the feedback control law [Egs..(32)] and the
simplified feedback control law [Egs. (36)], we see that both
the glide slope signals and the windshear signals are being ig-
nored. At lower altitudes, ignoring the glide slope signals is
permissible in view of Eqgs. (33). At lower altitudes, ignoring
the windshear signals is also permissible, since the windshear
signals are small and priority must be given to achieving the
absolute path inclination necessary for safe touchdown.

IX. Numerical Results for Guidance Trajectories

In this section, we compare the following trajectories: the
NT of Sec. III, the OT of Sec. IV, the GT of Sec. VII, and the
SGT of Sec. VIII. Also, we consider two alternative trajec-
tories, described below: the fixed control trajectory (FCT) and
the autoland trajectory (ALT).

The fixed control trajectory is obtained by keeping constant
both the power setting and the angle of attack. Therefore, it is
described by

B=8, (37a)

o=y (37b)
where §,, oy denote prewindshear values.

The autoland trajectory is obtained by controlling the
power setting via velocity signals and the angle of attack via
absolute path inclination signals. Therefore, it is described by
the following feedback control laws:

B—Bo= ~Kx(V=V0) (382)
K,=(1-8)/(Vo~V) (38b)
B.=B=1, —B.<B=B. (38c)

Fig. 4a Guidance trajectories, hy =200 ft, A =1.2: altitude / vs dis-
tance x.
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Fig. 4b Guidance trajectories, sy =200 ft, A=1.4: altitude & vs dis-
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and
a—a(N)= ~Ksly.—7. (M) (392)
Ye="Yeos h=hy (39b)
Ye=Yeh/Hr+ve,(1—h/y),  h<h; (3%)
K;=5 (39d)
A=< 0w, —as<asoas (3%¢)

The comparison of trajectories is done in terms of the abil-
ity to meet the path inclination, velocity, and distance require-
ments at touchdown. Several combinations of initial altitude
and windshear intensity are considered, specifically:

hy =200, 600, 1000 ft (402)

A=10, 1.2, 1.4 (40b)

For the particular case #, =600 ft, comparative numerical
results concerning the functions #(¢) of the OT, the GT, and
the ALT are presented in Fig. 3. This figure includes two
parts: Fig. 3a refers to A=1.2, and Fig. 3b refers to A=1.4.
For the particular case h,=200 ft, comparative numerical
results concerning the functions A (#) of the OT, the SGT, and
the FCT are presented in Fig. 4. This figure includes two parts:
Fig. 4a refers to A= 1.2, and Fig. 4b refers to A= 1.4. For more
detailed results, see Ref. 7. '

From the numerical results, upon comparing the FCT, the
ALT, the GT, the SGT, the OT, and the NT, certain general
conclusions become apparent.
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1) The FCT is unable to meet the specified touchdown re-
quirements. This statement holds regardless of the initial alti-
tude and the windshear intensity.

2) The ALT is able to meet the specified touchdown require-
ments for weak-to-moderate windshears, but not for strong-
to-severe windshears. For severe windshears, an undesirable
characteristic of the ALT is that the point of minimum velo-
city occurs before the end of the shear. The velocity increase in
the windshear region is coupled with severe altitude loss, occa-
sionally resulting in a crash.

3) The GT is close to the OT, especially for strong-to-severe
windshears. For these windshears, the GT has better survival
capability than the ALT. The superiority of the GT over the
ALT is due particularly to the fact that the point of minimum
velocity of the GT occurs at the end of the shear (as in the
OT), whereas this is not the case with the ALT.

4) The GT exhibits relatively large oscillations of the angle
of attack. These oscillations can be smoothed by employing
some more sophisticated feedback control design than the sim-
ple proportional feedback control employed in this paper.

5) At lower altitudes, the SGT is close to the OT, especially
for strong-to-severe windshears.

X. Conclusions

The penetration landing problem in the presence of wind-
shear is considered with reference to flight in a vertical plane.
Attention is focused on the minimization of the deviation of
the flight trajectory from the nominal trajectory, subject to
touchdown constraints. The optimal trajectory is determined
by controlling both the angle of attack and the power setting.
Also, a quasioptimal trajectory is determined by controlling
only the angle of attack, subject to a power setting law derived
from the optimal trajectory study. This leads to a separation
result for the control of angle of attack and power setting.

The aforementioned separation result simplifies to a consid-
erable degree the design of guidance and control systems capa-
ble of approximating the behavior of the optimal trajectory.
In the guidance scheme, the angle of attack is determined by
the windshear intensity, the absolute path inclination, and the
glide slope angle, whereas the power setting is determined by
the windshear intensity and the velocity. Also, for low-altitude
penetration landing, a simplified guidance scheme is con-
structed by controlling the angle of attack via absolute path in-
clination signals, while keeping the power setting at the maxi-
mum permissible value after the windshear is detected.
Numerical experiments indicate that the guidance trajectories
are close to the optimal trajectory, which in turn is close to the
nominal trajectory.

In closing, the following remarks are pertinent:

1) While the results of this paper have been obtained by us-
ing the angle of attack as a control variable, they also could
have been obtained by using the pitch angle as a control varia-
ble. Indeed, the transformation o =8 — v allows one to replace
o with 8, if so desired [see Eq. (5b)].

2) In this paper, the point-mass model has been employed in
connection with flight in a vertical plane [see Egs. (1-4)].
Future investigations might include the consideration of addi-
tional factors such as the rotational motion of the aircraft, the
presence of crosswinds and cross- shears, the presence of
ground effects, and so on.
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