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ABSTRACT

Simplified structures for longitudinal
control laws that reduce an aircraft’s
response to the strong head-tailwind and
downdraft variations associated with
microbursts are presented. They are based
on non-zero-set-point linear-guadratic
regulators that command throttle setting
and angle of attack as functions of velo-
city and flight path angle, and they can
incorporate direct measurementas of the
wind profile if available. Selection of
cost functions to be minimized by feedback
control haa been aided by & prior study of
clasaical control lawa and exact non-
linear-optimal flight paths through real-
iatic microburst wind profiles. The re-
sulting optimal control laws have an adap-
tive, dual-mode atructure that can be
implemented either in flight-director
logic or in an autopilot.

INTRODUCTION

Several recent aircraft accidents have
resulted from attempts to takeoff or 1land
through the severe wind condition known as
a microburst. The phenomenon is beat
viaualized as a vertically descending
column of air that spreads out upon hit-
ting the ground. In a typical scenario,
the aircraft first experiences a headwind
as it enters the outflow, causing the
aircraft to balloon above the flight path
if no corrective action is taken.. Just as
the pilot is throttling back to accommo-
date the headwind, it diminishes and is
replaced by a downdraft, which ia aocon
followed by a tailwind. The rapid loas of
airapeed and the low energy state of the
aircraft both contribute to a trajectory
undershocot that caen lead to ground impact.

In earlier papers {(1-331,
tegies have been examined for both jet
tranaports and general aviation aircraft
+that encounter microburats. These include
a classical control approach to flight
control desaign {13, a survey of factors
related to surviving such an encounter
{21, and a atudy of exact optimal trajec-
tories through known wind profiles ({31,
These papers provide a firm foundation for
the next phase of research.

guidance stra-
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This paper is an extension of the ear-
lier work, in which realizable optimal
control laws are developed for countering
the wind shear. Whereaa computation of
the exact optimal controls reguires per-
fect knowledge of the wind field before it
is entered, the present development fo-
cuses on optimal control lawsa that use
information collected up to the time of
application [4), and they are based upon a
simplified model of aircraft longitudinal
dynamics. Thus, these new results provide
an entry point for implementing control
laws on actual aircraft, either as flight-
director logic for manual piloting or in
fully automatic systems. As before, both
jet transport and general aviation air-
craft are considered, The distinction is
important because the two classes of air-
craft tend to react differently to the
microburst’s components. {Typically, the
jet  transport has a more severe response
to the head-tailwind shift, while the
smaller, lighter aircraft haa a larger
adverse responae to the downdraft.)

Optimal control dramatically improves
an aircraft’s ability to penetrate micro-
bursts safely. Although avoidance remains
the best policy, microbursts often give
insufficient warning for such a satrategy.
Having encountered a microburst, optimal
control provides the means for markedly
improving the safety of flight.

PRIOR RESULTS

The longitudinal response of an air-
craft to horizontal and vertical winds can
e described by integrating a system of
nonlinear ordinary differential equations
that repreaent velocity, £flight path
angle, altitude, range, pitch rate, and
pitch angle. Small perturbations from a
nominal flight path obey linearized equa-
tions of motion, which possess modes of
notion that are identified by the eigen-
values and eigenvectors of the linearized
nodel. The modes of motion +typicaily
consist of long-period <(phugoid’ and
short-period oscillations, as well as two
pure integrations of the velocity vector
to obtain altitude and range.

The
craft’s

phugoid mode arises from the air-

tendency to trade tranalational
kinetic energy for potential energy f(or
velocity for altituded; hence, it is
closely related to the aircraft’s tracking
of the flight path, =a major concern in
wind ahear encounter. It is very lightily



damped and has a period that is propor-
tional to airspeed. For airapeeds that
are normally experienced during takeoff

and landing (75 to 175 knots, depending on
aircraft type), the phugoid period rangesa
from 17 to 40 sec. Thrust, drag, and lift,
which are generated by throttle setting,
flap and spoiler setting, and angle of
attack {(the angle between the aircraft’a
centerline and its velocity vector), are
the principal control inputs for the mode.

The
notionsa
of mass,

ahort-period mode describes angular
of the aircraft about its center
relative to an inertial frame of
reference. It is controlled principally by
the elevator, which is offset from the
center of mass to generate a strong pitch-
ing moment. The short-period mode usually
has a pericd of from one to five sec and
is moderately well damped. The transla-
tional and angular motions of the aircraft
occur on time scales that are roughly an
order of magnitude apart. When viewed from
the phugoid-mode time scale, the short-
period mode appears to be in a guasi-
steady state, its tranaijent response to
elevator inputs having died out long be-
fore significant tranalational motions
occur. This attribute can be put to good
use in examining guidance strategies for
wind shear encounter, for it allows low-
order dynamic models to be applied to the
problem.

Using complete (6th-order) iongitudinal
dynamic models as well as realistically
lagged thrusting inputs, Reference i1 pro-
vided three important guidelineas for de-
signing control laws that desensitize an
aircraft’s response to vertical and hori-
zontal wind shears. These guidelines are
based upon Bode plota of altitude response
to sinuscidal wind inputs, illustrated for
a widely used 3-engine jet transport
and a propeller-driven general aviation
aircraft (GA) in Fig. 1t
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Figure 1. Open-joop frequency-response
amplitude ratios for jet transport {JIT>
and general aviation (GA) aircraft {11,
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1> Eliminate the resonant peak in the
altitude response to horizontal wind shear
at the phugoid natural frequency.

2) Eliminate the integration effect in the
altitude response to downdraft.

3> Lower the altitude responae to horizon-
tal wind shear at all freguencies below
the phugoid natural frequency.

The head-tailwind component that an
craft experiences in traveraing a
burst can be characterized as a single
cycle of a periodic input. If that input
has the same wavelength as the sircraft’s
lightly damped phugoid mode, it creates an
amplified altitude deviation; this effect
can Dbe reduced by increasing the damping
of the mode. In a steady downdraft, an
uncontrolled aircraft picks up a downward
velocity component that integrates into

air-
micro-

a
net altitude losa; a properly designed
control law can offset this tendency.

Due to fundamental inertial properties, an
aircraft has large-ampliitude aititude resa-
pense to low-frequency horizontal wing
inputs and small-amplitude response to
high-frequency inputsa; closed-loop control
can be used to attenuate the low-frequency
reaponse.

After examining a number of clasaical -
control alternatives, closed-locop fre-
quency reapconses such as those in Fig. 2

were obtained for the JT case. As shown
in Fig. 3, these controllers greatly re-
duced the altitude excursions induced by a
moderate level microburst in nonlinear
simulation of the landing approach. Simi-
lar results were obtained in takeoff simu-
lationa; however, altitude excursions were
greater because the aircraft was assumed
to operate near full thrusat, leaving 1it-
tle margin for thrust control against
wind shear. Although linear controcl de-
aign techniques can be applied, the reaul-
ting control laws must be tested

in an
environment that includes the effects of
thrust limiting and aerodynamic stalling

of the aircraft’s wing.
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Figure 2. Comparison of open- and closed-
loop frequency—response amplitude ratios
for jet transport aircraft f13.
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Figure 3. Comparison of open- and closed-
loop transient response to nominal
nicroburast f{1}.
Guidelinea of a different sort were
provided in Ref. 3, which reports on a
atudy of optimal flight paths through

microburst profiles. These flight paths
are physically cbtainable, but they were
computed with the aassumption that precise
prior information of the wind profile
could be used to frame the control atra-
tegy. As such, they provide a standard
againat which to judge implementable con-
trol laws, i.e., an indication of the true
performance capabilitiea of the aircraft.
Not surprisingly, a much better job of
flight path tracking can be done when
nonlinear numerical optimization is ap-
plied to the task. What was saurprising
was the degree of improvement that could
be achieved: as shown in Fig. 4 and S, it
was possible for the IJT model to £1ly
through the most severe microburst profile
vyet identified in the Joint Airport Wea-
ther Studies (JAWS)>[S]., While the con-
trols-fixed flight path experienced a
deviation from the landing approach - path
of about 1000 ft, negligible altitude
excursiona occurred with optimal control.
Furthermore, neither the airspeed, angle
of attack, nor throttie setting came cliose
to exceeding normal operating limits,
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Figure 4. Controls-fixed and optimal

flight paths of jet transport through the
nost severe JAWS head-tailwind shear {33.

Care should be exercised in inter-
preting these results, for it remains to
be seen how close a practical control law
can come to these reaults. Nevertheless,
there are some lessons to be learned from
this study. The most important is one
that is easy to recognize in hindsight: to
atay on the nominal path, the control
should maintain lift equal to weight, even
if this requires large variations in air-

speed, angle of attack, and throttle set-
ting. When airaspeed was moderateiy pena-
lized in the optimization cost function,
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Figure 5. Time histories of input and
output variables associated with optimal

flight path of jet transport through the
nost severe JAWS head-tailwind shear (3].

large airspeed deviations cccurred as lost
l1ift was accounted for by increasing angle

of attack. This behavior was due -- at
least in part -- to the fact that the
microburat was recognized as a discrete
disturbance of finite length. The air-
craft should be at something approximating
nominal flight conditions when it cones
out on the “other side" of the profile.
When the penalty for airspeed deviations

was made very large, airspeed tracking was
greatly improved, but flight path tracking
waa degraded, reflecting the conflicting
demands for pitch control. While airspeed

waa not totally negiected in either case,
the throttle was seen to play a more im-
portant role in its regulation than in

normal flight operations.

LONGITUDINAL EQUATIONS OF MOTION

Folliowing Ref. 1, the aircraft’a
translational dynamic equations are writ-
ten in an inertial frame fixed at the
earth’s surface (i.e., round, rotating-
earth effects and short-period dynamics
are neglected). The differential egqua-
tions for inertial velocity (Vi>, Flight
path angle (Y3), and altitude above the
surface (h) are aas followa:

Vi {-qS{Cpcosixy - Xag) + CL8ini{xXj - Xadl

¢« Tecoa K33/m - g sin Y3 {1

{gSiCLcos{(xy - og) - Cpsin(dy - «adl

+ Tain oX4}/aVi - g coa¥yi/Vi (2



h = visinYy 3

Here, T represents engine thrust, =m is
vehicle mass, S is the reference area for
the 1lift and drag coefficients C;, and Cp,

g is the gravitational constant, and gq is
the dynamic pressure, in which  Tepre-
sents air density:

q = ‘1’2)PV°2 (4

The angles of attack in the inertial and
air-relative framea are i3 and pa, respec-
tively; they are related by,

Visin Yy + wy
Ka = L3 + ¥4 - tan-1 (5
Vicos Yi + wi

where wy and wy are the vertical and hori-~
zontal components of the wind. The air-
speed Vg is related to the inertial velo-
city and the wind components by the fol-
lowing equation:?

Va2 = ViZ + wy2 + w2 + 2Vi{wysin Yj +
wHeos Yi) (6
The 1ift and drag coefficients can be

assumed to be linear and guadratic in «a,
respectively,

CL = ¢, + CL xa (7
o ¢

Cp = Cp + eCL2 (8
o

with e reflecting the aerodynamic effi-

ciency of the configuration.

While some rather large angular pertur-
bations can be anticipated, they are like-
ly to remain below 15 deg, so the usual
amall-angle assumptions would have maximum
errors below 4 percent. In such case, the
dynamic equations become

éi = (-qSCp + Ti/m - g Yi {9
§i = (gSC, + Txi - mgl)/mVy {10
h = Vi Yy (11
Vi + wy
Ka = 084 + ¥Yi - s 12
Vi ¢ wH
Vaz = Vi2 +* wv2 + sz s 2\’1““\1 Yi - WH)
(13

The present purpose is to develop
linearized

locally
equations that can be used to
investigate linear-quadratic optimal con-
trol laws; hence, these equations can be
expanded about a nominal flight condition
in Taylor series, dropping terms higher
than first order and equating nominal
solutiona. The analysis is facilitated by
assuming that nominal values of wind dis-
turbances are zero, in which case Vg = Vi
and og = xXj§ on the nominal flight path.
Denocting perturbed variables by ~{( ), air-
relative velocity and angle-of-attack per-
turbations are,

Vg = “Vi ¢+ “wy Yi + “wH {i4
“Xa = "oy * (Y{TWH - Twylr/sVy {15
allowing the linearized dynamic eguations

to be written as follows:

“Qi = {-SCDPVN(*Vi + YN"wy + “wyH) -

gNSCp~Xa + "“Ti/m - g~Yi {16
3
~yy = (SCLPVN( Vi *+ Yn"wy + “wi) +
QNSCLQNa + XN"T + TNL"na *+ “wy -
YN"WwWHI/VNI}/MYN {17
“h = YN"Vi + VR Y4 18

Note that the perturbation sclution varia-
blea ("V3i,"Y4,"h) are referenced to the
inertial frame, whereas the angle of at-
tack is referenced to the air-relative
frame, recognizing the more natural defi-
nition for angle-of-attack measurements
and control. In this simplified model,
thrust and air-relative angle of attack
serve as the control variables.

While this model can be applied to both
jet-powered and propeller-driven aircraft,
the thrust models for the two are dif-
ferent. For the former, thrust is largely
independent of airspeed, and it is suffi-
cient to consider T as the net control-
lable output of the engines. Propeller
efficiency E(Va) varies with airspeed, and
power P is the controllable ocutput of a
constant-rpm engine; hence, the thrust of
the latter ia besat modeled as

T = E{(Va)P/Va 19

and its perturbation is sensitive to air-

speed as well as throttle setting, here
denocted as “P:
“T = Ty~Va + Tp P (20
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Consequently, the linearized equations for
both aircraft types can be characterized
in the form,

4 f11 12 OV 911 912 ["TH
Y = {£f21 O ON"Y |+ 921 g922| |t
~h 0

£f31 £32 ~h O O
112 112wy

+ 121 122 )| "wn (21
o o}

where the coefficienta are derived
like terms in the linearized equations,
unambiguous subscripts have been dropped,
and “Th represents throttle control. This
is a special case of the linear differen-
tial eguation,

from

% = Fx + Gu + Lw (22

where %, u, and w are the state, control,

and disturbance vectora and F, G, and L
are the satability, control-effect, and
disturbance-effect matrices. Note that

the third column of F and the third rows
of G and L are zero, indicating that alti-
tude perturbations have no dynamic effect
on the state variables and that altitude
ia not directly affected by ceontrol or
disturbances. We could, therefore, write
this equation as,

EL0 T L -

where x1 contains "V and “Y, and 2 is "“h.

1%+

CONTROL STRUCTURES FOR MICROBURST
ENCOUNTER

The contrel law should
functions:

perform three

® Provide proper command response
® Regulate against wind disturbances
® Assure satisfactory dynamic response

The firat of these functions is achieved
by designing the controller as a servo {or
non-zerc-set-point) regulator, where the
aset points correaponding to command inputs
are independent of the feedback coéntrol
law. The command inputa are determined by
the pilot or autopilot, and while they may
continuocusly change in time, they are
assumed to be constant for design pur-
poses. The second is affected by feedback
gain selection, dynamic compensation, and
{if available) feedforward of disturbance
inputs. The third is & consequence of
feedback gain aelection and dynanmic
compensation.

overall system performance
the control effectors and
neasurements that are available for
closed-loop control. In the present pa-
per, it is assumed that all necesasary
measurements can be made without error and
that control is achieved by a combination
of angle of attack and throttle setting
or, once the throttle has saturated, by
angle of attack alone.

Of courae,
depends upon

Steady-State Command Response -~ It is

appropriate to specify as wmany command
inputs as there are independent controls
{either one or two, as noted above). The
command input y has a physical interpreta-
tion as a linear combination of state and
control variables (6],

¥ = Hxx + Hyu (24
Given a specific conatant input y+#, it is
desired to find the corresponding equili-
brium values of x* and ux. These depend
on the aystem’s open-locop dynamica, and,
since i = O at equilibriunm,

O = Fx= + Gu» + Luw» (25

subject tc the constraint specified by the
command input, with wr representing a
constant disturbance. All objectives are
satisfied by simulitaneous solution of the
two eguations,

G 4 b4l ~Lw»
= A = (26
x  Helius ux* y*

which leads to the following eguation for
A* and ux:

X ~Lw#® ~Lw#
= ﬁ—l = B
ur ¥ ¥

12 Bazif-Luw»
= 27

21 B2zl ¢+
where
Bii = F-1(-GBpy + I (28
Bi1z = -F-lGByp (29
Bz = -BzzHxF~1 (30
B2z = (~HyF~1G + Hy>-1 (31



0f course, F must be invertable for this
solution to exiat, but as defined pre-
viously, the determinant of F is =zero.
This is an indication that there is no
ateady-astate altitude perturbation “he
corresponding +to non-zerc valuea of “~V«
and ~Y#». The problem is easily sclved by
aimply ignoring “h in the calculation of
the set point, i.e., by applying these
equations to F3, Gi, and Lj. It can be
seen that the aet point is sensitive to
constant disturbance inputs as well as
command inputs; hence, control systen
performance would be improved if diatur-
bances could be taken into account
directly.

Velocity and <£light path angle are
natural choices as command inputs, al-
though velocity and altitude rate would be

more in keeping with normal flight operae-
tions. Previoua equations show that the
choices are equivalent, as altitude rate

is proportional to flight path angle when
velocity is held constant. When throttle
has saturated, one of the commands musat be
suspended; optimization results {3} sug-
gest that flight path angle (or altitude
rate) be retained as the single command
input for control by angle of attack
alone. Recalling that the microburst

encounter is a transient phenomenon, velo-
city control can be resumed when the
throttle is no longer saturated.

Servo Regulation - The control saystenm
should regulate about the set point,
making it appropriate to conaider linear
control laws of the form

g = -Ck (32
where the feedback gain matrix remains to

be defined, and

= u - u» (33
X = x - e (34
Then the actual control is

u = ur ~ C(x ~ %= (35
Uaing the relationships of the previous
section to specify the set point, the

control law becones

u = (B2z + CB12)y* -~ Cx - (Bzy1 + CBiilw+

= Cyy* - Cx - Cyuw~ (36

The controller takes
atructure; in the

as shown in Fig. 6.
a very conventional
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baseline case, Cy is a (2 x 2) matrix
converting the command inputs to control
settings that account for feedback ef-
fects, and C ias a (2 x 2) matrix that
modifies aystem dynamica. 1If measurements
or eatimates of the disturbance are
available, Cy is a (2 x 2> matrix that
adjusts throttle setting and angle of
attack for known {(posaibly changing) ver-
tical and horizontal winds. For control
by angle of attack slone, their dimensions
are (1 x 1), (2 x 1), and (2 x 1), respec-
tively. These structurea are changed only
slightly if integral compensation <(dis-
cussed below) is incorporated.

Feadback Control Gains - Linear-quadratic

{LQ) control theory provides a natural
continuation of the previous study, allow-
ing a direct interface between nonlinear-
optimal f1light path computationa and
implementable flight control laws. While
it is guite feasible to aynthesize digital
control lawse directly, (see, for example,

Ref. 7), the proposed control concepts are
moast readily presented with continuous-
time modela and controllera. As ahown in

numerous texts and papera, minimization of
the quadratic coast function,

Wind Disturbance

4 Velocity
Flight Path Angle
AIRCRAFT (= £

Throttie Setting
Angle of Attack
)

Commeand
Input

~_C ~
Figure 6. Linear-optimal control law for
microburst encounter.
oo B
Q X
J = is2) cg w1l at {37
T ~
o N RJl u
subject to the dynamic constraint,
% = FX + G (38
leads to the control law,
g = -R-1(cTs « MTH% (3%
where $ is the solution to an algebraic
Riccati equation:?
0 = -(F - GR-INT)>Ts - S(F - GR-INT)
SGR-16Ts - @ + MR-INT €40



The principal design challenge is to
choose values of the weighting matrices @,
%, and R that provide satisfactory closed-
loop dynamic reaponse, although it is
reassuring that all such choices result in

stable sclutions as long as minimal cri-
teria asre satisfied {4l. One approach
would be to use the same values used in
Ref. 3, allowing for order reduction in

the present case. A aimpler approach is
to recall the major conclilusion of Ref. 3
-- gontrol to maintain lift equal to
weight -- recognizing that this renders
flight-path-angle rate equal to zero.
Accordingly, a atate-rate weighting LQ
regulator ia obtained when Q, M, and R are
defined ez follows,

e M FroT

= [Fr2 Gr2l {41
¥»T R 6rpT
with Fr2 and Gr2 representing the second
rows of F3 and G3, respectively. {These

definitions are adjusted accordingly
angle of attack ia the only control.)
Note that even though this cost function
is motivated by minimizing excursions in
flight path angle rate, it provides
weighting on veloccity perturbations but no
weighting on flight path engle itsaself.
Furthermore, it introduces cross-product
weighting on velocity in combination with
throttlie setting and angle of attack. The
weighting matrices are completely speci-
fied without arbitrary parameters; how-
ever, there is freedom to emphasize cer-
tain elements of response, e.9., flight
path angle tracking or relative use of the
two controls, by extra weighting in Q or
R.

when

Integral Compensation - Even though micro-
burat encounter ia a transitory pheno-
menon, it may be advantageocus to penalize
long-term deviationa from the commanded
input due to ateady winda or parameter
uncertainty. Integral compensation pro-
vides this feature, adding a slowly vary-
ing control bias against these effecta.
Defining the integral of the command in-
put, z, sas,

Z = Zo0 * [{Z“ - sz - Hugjdt (42

the LO regulator is deaigned for the aug-
mented aysten,

Fi OIf% G1
= * (43

Hye Ollz Hu

M
[

resulting in a control law of the form
(Fig. 7)
u = Cyy* - Cx - Cyw» + Ciz (44

¥ind Disturbance

Command
Input

Veloeity
Flight Path Angle

AIRCRAFT

Throttle Setting
Angle of Attack
P

{C>

R

Figure 7. Linear-optimal control law with
integral compensation for microburst
encounter.

In the present case, strict control over
velocity deviation during the microburat
encounter is secondary, suggeating either
that low weight be given to its integral
or that ita integral be ignored entirely.
Recalling that this control law operates
on inertial veloccity while air-relative
velocity is more important for long-term
flight control, adding an airspeed-error
integral at this point could be bene-
ficial., Referring to the original equa-
tiona, it is clear that incorporating the
integral of flight path angle deviationa
is analogous to including altitude devia-
tions in the dynamic model.

Conditiona for Control Saturation - Refer-
ring to eq. 36, it ia poasible to obtain
an estimate of the instantanecus wind

effecta that would drive the throttle and
angle of attack to their limits. With
zero command input and satate feedback, the
control would be specified by

u = -{Bz; + CB11JLw*» (45

This represents two scalar equations, one
for ~Th, the other for "«

>
[ ]
4
]

-Cc117wy - C12"WH (46

~ o

-Cc21 Wy ~ €22 WH (47

Replacing ~Th and “u by their maximum and
minimum deviations from trim defines four
straight linea in (“wy,"wH) space; these
are wind valuea that wonld saturate the
controla, and they are seen tc depend upon
the value of the feedback gain C aa well
as on open-loop dynamica.

Dual-Mode Control, Anti-Windup, and Gain
Scheduling - References 1 and 3 indicated
that the throttle is likely to reach its
iimite before the aircraft stalls during
microburat encounter. Therefore, it is
appropriate to plan for the eventuality in
which +throttle is saturated and angle of
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attack is the only remaining contrel. The
suggested solution is duel-mode control,
in which the two-control LG regulator is
uvsed to the point of throttle saturation,
and angle-of-attack-only L@ control is
used beyond this peoint. While operating
with saturated throttle, both control laws
would be calculated, and the two-control
version would be brought back on-line as
soon as it commanded leas +than full
throttle.

Integral compensators tend to “wind
when controls are saturated, i.e., they
build up unreasonable valueas when their
commands go unheeded. This can lead +to
unacceptable undershoot after controls
return to unsaturated levels. Conse-
gquently, integral terms should be =zeroced
when their corresponding control effectors
have saturated.

up"

Aerodynamic 1ift and drag are propor -
tional to airspeed, which varies signifi-~
cantly during microburst encounter. This
in turn affects the control system’s opti-
mal gaina. Scheduling gains aa a function

of airspeed can preserve good system res-
ponae over a wide range of flight condi-
tiona (7)., Consideration alsc could be
given to adjusting gains to account for

heavy rain, which often accompanies micro-
bursts and is thought to degrade aircraft
1ift and drag characteristics.

Pilot Interface - In principal, the con-
trol logic presented here could be imple-
mnented in a fully automatic flight manage-
ment aystem, and such syatems will, no
doubt, have anti-wind-shear features in
the future. Velocity and £light path
angle could be specified for the entire
miasion, leaving the flight crew to func-
tion primarily as system monitors. Never-
theless, there is good reason to assure
that pilots have a syastem that can be
“hand-flown® in hazardous conditione, even
if the aircraft that the pilot flies is
highly augmented. The pilot’s ability to
cope with the unexpected should be used to
ita fullest, and there is the important
element of “controlling one’s own deatiny"™
in life-threatening situations. There-
fore, it is important to examine control
modes that retain the pilot “in the loop.™

The control system presented here has
at least two possible manual modes. The
first is to allow the pilot to control
velocity and flight path angle through
conventional cockpit controls. Pilota
have responded favorably to such saystenms

in both ground-based simulation and fiight
test, but they are not in widespread use,
ac there is a problem of familiarity with
procedures and expectations. The second
alternative is to drive command bars and
throttle “bugs™ on flight director panel
displays, giving the pilot the guidance he
needs to do what the control system thinks
best while reserving the capability to
deviate from recommended control policy aa
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he seea fit. Numercus human factors issues

remain to be resolved in actual
implementation.
CONCLUSION
Microbursts present a significant ha-

zard for aircraft operations that is com-
pounded by ocur present inability to detect
them. Wwhen a severe microburst is de-
tected, the prudent pilot will do his best
to avoid flying in its vicinity; however,
assiatance should be given to the pilot
who inadvertently encounters one. Prior
studies indicate that aircraft typically
have sufficient performance reserves to
maintain nominal flight paths even in
strong wind shears, although success de-
pends critically on the control policies
followed. The present study provides a
framework for designing control systems
that reduce flight path deviations caused
by microbursta. Verification of this
approach will a topic {for Sfurther
study.
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