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I. Introduction

HE genericterm windshearrefers to a rapid changein the wind

speed and/or direction.! The microburst, a dangerous form of
windshear, is produced by a strong sudden downdraft of cool air,
which strikes the ground and outflows in all directions. The hazard
of the low-altitude microburst arises from the rapid change from a
performance increasing headwind to a strong performance decreas-
ing tailwind and downdraft. To cope with the headwind, the pilot
intuitively, or the autopilot automatically, takes actions to prevent
the aircraft from climbing. Next, these actions are compounded by
the energy loss caused by the ensuing downdraft and tailwind. The
sudden energy loss poses a serious risk to arriving and departing
aircraft.

As windshear may exceed the performance capability of aircraft,
avoidance has been emphasized. Because of the recent advances in
windshear forward-looking detection systems, timely recognition
and avoidance has helped to reduce the hazard significantly.> How-
ever, because of the short-lived, transientnature of this phenomenon,
timely detection might not be always possible. Hence, certain pro-
cedures and techniques should be applied to cope properly with the
energy loss in case of an encounter. For the guidance and control
problem during the windshear phenomenon, it is proposed to apply
a fuzzy logic controller based on energy principles that is extended
to convey tight energy control and flight envelope protection.

II. Microburst Windshear Hazard

Windshear can be considered as an energy management problem
in which the energy decrement of the aircraft results in a loss of ei-
ther potentialenergy (altitude) or kinetic energy (airspeed). Because
the windshear affects, in particular, the longitudinal motion of an
aircraft, the total energy balance in the vertical plane is considered?
The airplanetotal specific energy or potentialaltitude’ , is defined as

h,=E/mg=(V}[2g)+h (1)

where V, is the airspeed, mg is aircraft weight, and / is the altitude.
Differentiating this expression and using the general equations of
motion yields
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where T is the thrust in the direction of the x axis of the body
frame, D is the aircraft drag, w, and w, are the time derivatives
of the vertical and horizontal wind velocity components, « is the
angle of attack (the angle between the x axis of the body frame and
the air-mass direction of V), and y, is the air-relative flight-path
angle. The first term is the airplane’s excess thrust-to-weightratio.
The subsequentthree wind terms describe the windshear impact on
the aircraft energy state. The three terms can be combined into the
so-called F-factor®

F = (w:/8) — (wn/Va) 3)

A positive F-factor can be physically interpreted as the loss in
available excess thrust-to-weight ratio. From Egs. (2) and (3), it
can be seen that the aircraft loses energy if the windshear (associ-
ated) energy loss cannot be compensated by an energy-increasing
positive thrust change AT /mg because of a limited maximum ex-
cess thrust-to-weightratio. In such a condition, the aircraftdescends
and/or loses airspeed. In a landing situation, the windshear problem
also involves the decision whether to initiate an escape maneuver*
or to continue the landing. Several optimal guidance schemes and
control laws have been developed for safe flight through windshear
during abort landing® and penetration landing.®”-® In most pene-
tration landing studies, the descending flight path is controlled by
pitch/elevator and the airspeed (or inertial speed) by thrust, both
with high gains. Miele et al.® have performed an extensive opti-
mization study and have provided practical guidance and control
laws. The guidance laws include the control of flight path, which
is done by angle of attack determined as function of windshear in-
tensity, and the control of airspeed, which is done by thrust, also
as a function of windshear intensity. In the guidance laws, tracking
the flight path is preferred above airspeed. Psiaki and Park’ use a
pitch steering strategy, which controls the flight path in conjunction
with a thrust guidance, which controls the minimum of airspeed and
inertial velocity (often referred to as groundspeed). This is done to
prevent the energy loss due to the headwind. The idea of explicitly
controllingair-relative energy during the penetrationof a windshear
is also considered by KrishnaKumar and Bailey.® The importance
of proper energy distribution is emphasized as well. However, the
energy partition in this energy-based controller is fixed, i.e., an a
priori choice is made on how to distribute the available energy. The
recovery concept in this Note proposes a variable energy distribu-
tion according to the margins with respect to a stall situation and a
minimum altitude. A smooth and variable energy distribution, for
each flight mission, is conveyed through the application of fuzzy
logic.

III. Generic Flight Recovery Concept

The basic philosophy of this recovery conceptis that a compro-
mise between airspeed and altitude is pursued continuously during
the encounter with respect to the associated safe operating altitude
and stall speed margins, regardless of the specific flight mission, the
guidance strategy, and the microburst intensity.’>'° This protection
mechanism can be easily integrated in the longitudinal fuzzy con-
trollerof Refs. 11 and 12, whichis based on total energy principles.'
This controllerhas beendesignedand extensivelytested with respect
to other control law designs in a recently formulated civil aircraft
benchmark problem.'*

In Fig. 1, the extended controlleris shown. According to the total
energy concept, where both airspeed and altitude are controlled
simultaneously, thrust T increases the total energy E, whereas an
exchange between kinetic (airspeed) and potential energy (altitude)
is achieved by pitch angle changes (via elevator). Two inputs to the
controller are velocity error V,, the difference between a reference
airspeed V, ¢ and the actual airspeed V4, and altitude error &, the
difference between a reference altitude 4 ,.r and the actual altitude /.
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Fig. 1 Block-schematic representation of the extended longitudinal
outer loop controller.
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The airspeedis givenby V,, whereasinertial speed or groundspeedis
given by V. The control actions are the throttle settings dtu (= St
= drp), Which result in changes in thrust 7 and the pitch angle
commands 6. The aircraft block represents the aircraft dynamics
including an inner-loop pitch angle controller.

Besides considering the energy distribution, a protection mecha-
nism aims at preventing excursions from the flight envelope. A new
priority input is introduced, which indicates whether more priority
should be given to altitude (altitude priority) or airspeed (airspeed
priority) based on the margins with respect to a predefined mini-
mum airspeed V4 i, and minimum altitude /,,;,. The priority input
is determined in the flight-path guidance block (see Fig. 1). With
the priority as a new input, a gain-scheduledcontrolleris implicitly
obtained in which either the control loop between airspeed and pitch
changes or altitude and pitch changes is reinforced.

To define the priority input, consider the specific energy of the
aircraft, see Eq. (1). With respect to altitude and airspeed changes
Ah and AV, the specific energy changes by

(Ah,), = Ah @)
(Ahy)y, = (1/)[Va - AV4+ $(AVL)?] )

Considering a minimum airspeed V4 min and a minimum altitude
huin, the energy margins with respect to these minimum values can
be calculated as

(Ahp)h =h— hmin (6)
(AR, = 1/)[Vaumin(Va = Vami) + 3 (Vi = Vaw))] (D
The new priority function f (h, V,) is then defined as

[ (AR,
— arctan| —m
fh,Vy)y=1m (Ahy)v,

1 if (Ah,)y, =0

-1 if (Ah 0
i| 1 ( p)VA;é (8)

Negative values of f(h, V,) indicate a need for altitude prior-
ity, whereas positive values indicate a need for airspeed priority. A
value of f(h, V,) = 0 indicates an equal partition between poten-
tial and kinetic energy. To integrate the priority variable in the con-
troller, three membership functions are defined, as shown in Fig. 2.
Each membership function belongs to a rule base for pitch angle
commands. As explained in Ref. 12, the membership functions are
defined such that a linear interpolation is achieved between one of
the special rule bases and the normal rule base. The rule bases are
selected by fuzzy logic resulting in a smooth interpolation between
the control modes.
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Apart from distributing the energy according to a safe flight enve-
lope, tightthrustcontrolis requiredto cope with fastenergy changes.
However, because the control activity must be small under high-
frequency turbulence conditions as well,'* a sort of gain scheduling
is necessary to fulfill both windshear and turbulence conditions. To
this purpose, a new variable, F-alert, is defined. This variable indi-
cates the encounter of a microburst windshear based on an estimate
of the F-factor, e.g., from a reactive detection system. This vari-
able is used to select either the normal or a more aggressive rule
base for the thrust defined in case of an encounter. The alert is acti-
vated (F-alert= 1) if the estimated F-factor exceeds a threshold of
0, 10 (Ref. 4) and is slowly deactivated (F-alert=0), as it decreases
below the threshold. For the F-alert, two membership functions
are defined (see Fig. 3) such that a smooth interpolation between
the normal and tight control modes is achieved for values between
Oand 1.

Finally, the headwind to tailwind microburst characteristics are
taken into account. When the microburstis not anticipatedin a land-
ing situation, the increasing headwind will lead to a thrust reduc-
tion. To avoid this thrust reduction, control of airspeed and ground-
speed, whichever is smaller to its nominal value, can be pursued.’
As a result, extra energy is preserved and can be used at the down-
draft/tailwind stage of the microburst.

It should be noted that this recovery concept can be used for
different flight missions, i.e., landing or takeoff.!> To this purpose,
the margins for the priority variable are defined according to the
specific situation. Another favorable characteristic of this recovery
conceptin a takeoff or landing s that it yields correct results despite
false alarms. In all of these cases, the controller just provides tight
path and airspeed tracking.

IV. Recovery During Landing

For the microburst simulation, the model of Oseguera and
Bowles'® is used. In the simulations, the microburst parameters are
chosen such that a maximum F-factor of 0.27 is encountered. To
determine the priority value, the minimum airspeed and altitude
bounds have to be defined. The minimum airspeed is defined as
the stall speed. For the determination of the minimum altitude, the
constraints of a category II landing are selected: At the decision
altitude, the aircraft should have a vertical deviation less than 12 ft
and a lateral deviation less than 20 ft. In the simulation example,
the intended (inertial) flight-path angle or glide slope is chosen as
y = —3 deg. The maximum allowed deviation from the flight path
is defined as Ay £ 0.3 deg, correspondingto one dot (on the flight
instrument used for landing), which falls within the decision win-
dow at the decision altitude. The windshear F-factor is computed
directly from the simulated wind velocities and delayed by 6 s to
simulate a realistic airborne detection.!’

The Research Civil Aircraft Model (RCAM) is nonlinear, has six
degrees of freedom, and represents a two-engined aircraft with a
mass of 150,000 kg.'* Engine and elevator dynamics are included
as well. Only the vertical plane is considered, and the aircraft is
trimmed on the glide slope of —3 deg. The initial altitude is 400 m.
The reference value for the minimum airspeed/groundspeed strat-
egy is 65 m/s. Because of the headwind, at the beginning of the
simulations the aircraft has an airspeed of about 70 m/s, whereas
the groundspeedis 65 m/s. Normally, the reference airspeed is cho-
sen during the landing phase as 1.3 times stall speed plus a margin
of 2.5 m/s (5 kn). For the aircraft mass of 150,000 kg, this results
in 1.3 x 57.9 + 2.5 = 78 m/s. In the following example, a lower
reference value is defined to better show the unfavorable effect of
a microburst encounter. This in a sense compensates the high ex-
cess thrust-to-weightratio of the RCAM, which is 0.20. When the
F-factor exceeds the threshold of 0.10, the tight energy control
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Fig.4 Aircraft response in landing example: dotted lines are the stall
speed and the altitude margins in the respective figures.
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Fig.5 Aircraft responses for varying microburst in landing scenario.

and the flight envelope protection mechanism are activated. If the
F-factor decreases below the threshold value, a smooth transition
to the nominal controllers is performed by smoothly scaling the
priority with F-alert.

In Fig. 4, the simulation results are shown. The airspeed fur-
ther increases as the result of the minimum airspeed/groundspeed
strategy and the increasingheadwind. The increasein air-relativeen-
ergy is also observedin the thrust change AT /mg. Then, at 58 s, the
microburstis detected, and both the aggressive throttlerule base and
the flightenvelopeprotectionmechanismare activated. Althoughthe
excessthrust-to-weightratio is smaller than the maximum F-factor,
both airspeed and altitude deviation remain within their safety mar-
gins. This is achieved by trading airspeed for altitude (the priority
has a negative value). At t = 110 s, the aircraftis at the decision al-
titude while satisfying the category II conditions, and a flare could
be initiated shortly after this point.

In the following simulations, the microburst strength is varied
and the peaks of the F-factors vary between 0.20 and 0.35, which
are realistic values.' In Fig. 5, the airspeed and altitude responses
are shown. In all cases, both the airspeed and altitude margins are
respected because of the flight envelope protection mechanism. For
the increasing microburst strength, more energy is automatically
built up by tracking the groundspeed and the aggressive throttle.
This energy is used to compensate for the altitude loss. For in-
creasing microburst strength, the airspeed and altitude drops are
larger. However, as long as recovery is possible, i.e., enough energy
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margin, a safe compromise between airspeed and altitude is auto-
matically achieved, as shown in the examples of moderate to strong
microburst.

V. Concluding Remarks

A windshear recovery concept has been introduced that conveys
aggressive thrust management and flight envelope protection. The
aggressive throttle management is achieved by incorporating ag-
gressive throttle control laws. Moreover, the minimum of airspeed
and inertial speed (groundspeed) is controlled such that an energy
reserveis builtup at the beginning of the encounter. For the distribu-
tion of the availableenergy, a flight envelope protection mechanism
is introduced. The energy is distributed between altitude and air-
speed by pitch angle according to a variable priority assignment,
activated at the encounter of the windshear. Both the tight energy
controller and protection mechanism are integrated as one fuzzy
logic control system making a smooth interpolation and a smooth
transition possible between the rule bases for normal operation and
the microburstrecovery handling.

References

1Fujita, T. T., “Downbursts and Microbursts—An Aviation Hazard,” 19th
Conference on Radar Meteorology, American Meteorology Society, Hon-
olulu, HI, 1980, pp. 94-101.

2Bowles, R. L., “Windshear Detection and Avoidance: Airborne Sys-
tems Survey,” 29th Conference on Decision and Control (Honolulu, HI),
Inst. of Electrical and Electronics Engineers, Honolulu, HI, 1990, pp. 708~
736.

3Miele, A., Wang, T., and Melvin, W. W., “Optimization and Accelera-
tion Guidance of Flight Trajectories in a Windshear,” Journal of Guidance,
Control, and Dynamics, Vol. 10, No. 4, 1987, pp. 368-377.

4Federal Aviation Administration, Windshear Training Aid, U.S. Dept. of
Transportation, Washington, DC, 1987.

5Mulgund, S.S., and Stengel, R. F., “Optimal Recovery from Microburst
Windshear,” Journal of Guidance, Control, and Dynamics, Vol. 16, No. 6,
1993, pp. 1010-1017.

*Miele, A., Wang, T., and Melvin, W. W., “Penetration Landing Guidance
Trajectories in the Presence of Windshear,” Journal of Guidance, Control,
and Dynamics, Vol. 12, No. 6, 1989, pp. 806-814.

TPsiaki, M. L., and Park, K., “Thrust Laws for Microburst Windshear
Penetration,” Journal of Guidance, Control, and Dynamics, Vol. 15, No. 4,
1992, pp. 968-975.

8KrishnaKumar, K., and Bailey, J. E., “Inertial Energy Distribution Error
Control for Optimal Windshear Penetration,” Journal of Guidance, Control,
and Dynamics, Vol. 13, No. 6, 1990, pp. 944-951.

9 Aznar Fernandez-Montesinos, M., Schram, G., Vingerhoeds, R. A., Ver-
bruggen, H. B., and Mulder, J. A., “Windshear Recovery Using Fuzzy Logic
Guidance and Control,” AIAA Guidance, Navigation, and Control Confer-
ence, Vol. 2, AIAA, Reston, VA, 1997, pp. 1172-1182 (AIAA Paper 97-
3629).

10Schram, G., Aznar Fernandez-Montesinos, M., and Verbruggen, H. B.,
“Enhancing Flight Control Using Fuzzy Logic,” Fuzzy Algorithms for Con-
trol, edited by H. B. Verbruggen and H. Z. Zimmermann, Kluwer, Dordrecht,
The Netherlands (to be published).

1Schram, G., and Verbruggen, H. B., “RCAM: A Fuzzy Control Ap-
proach,” Robust Flight Control, A Design Challenge, edited by J. F. Magni,
S. Bennani, and J. Terlouw, Lecture Notes in Control and Information Sci-
ences, Vol. 224, Springer-Verlag, Berlin, 1997, pp. 397-416.

128chram, G., “Intelligent Flight Control—A Fuzzy Logic Approach,”
Ph.D. Dissertation, Delft Univ. of Technology, Delft, The Netherlands,
1998.

13Lambregts, A. A., “Vertical Flight Path and Speed Control Autopilot
Design Using Total Energy Principles,” AIAA Paper 83-2239, 1983.

14 ambrechts, P., Bennani, S., Looye, G., and Moormann, D., “The
RCAM Design Challenge Problem Description,” Robust Flight Control, A
Design Challenge, edited by J. F. Magni, S. Bennani, and J. Terlouw, Lec-
ture Notes in Control and Information Sciences, Vol. 224, Springer-Verlag,
Berlin, 1997, pp. 149-179.

Aznar Ferndndez-Montesinos, M., Schram, G., Verbruggen, H. B., and
Vingerhoeds, R. A., “Enhancing Flight Safety: Recovery from Windshear
During Take-Off,” IFAC International Symposium on Artificial Intelligence
in Real-Time Control, preprint, 1998.

16Oseguv:ra, R.M.,and Bowles, R. L., “A Simple, Analytic 3-Dimensional
Downburst Model Based on Boundary Layer Stagnation Flow,” NASA TM
100632, July 1998.

17Oseguv:ra, R. M., Bowles, R. L., and Robinson, P. A., “Airborne in
Situ Computation of the Wind Shear Hazard Index,” AIAA Paper 92-0291,
1992.



