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Abstract

The X-31 flight control system enables
flying at very high angles of attack, including
the poststall regime. This not only offers
extreme maneuver ability, but also the capability
for a steady slow flight. This feature can also be
used for the landing approach. Snce the
landing ground roll distance is proportional to
the square of the speed during touchdown,
reducing the speed offers a crucial advantage
with regard to landing performance. The X-31
VECTOR program is developing and flight-
testing this new technique with the automatic
Extreme Short Takeoff and Landing (ESTOL).

The following presentation shows the
development of the ESTOL autopilot control
laws, based on the standard X-31 control laws,
starting from the design objectives, leading to
the present structure. The calculation of the
flight path as well as the feedback and the
feedforward path for both the longitudinal and
the lateral axisare described.

The control laws during the derotation
phase, immediately before touch down are also
presented.

Time histories demonstrate the quality of
the present solution.

1 Introduction

1.1 TheVECTOR Program

The Vectoring, ESTOL Control and
Tailless Operation Research (VECTOR) project
has been launched by the U.S. Navy and the
German Federa Office for Defense Technology
and Procurement (BWB) with Boeing and
EADS Military Aircraft as industry prime
contractors.

The concept of ESTOL offers the potential
to dramatically reduce the landing speeds and

energy levels for fighter aircraft. Especialy for
carrier operations, wind over deck reguirements
for landing could be reduced.

Reduction of landing distances can be
achieved by flying an approach at an increased
angle of attack (AoA) up to and potentially
beyond the stall angle of attack. Thisisfollowed
by a derotation phase close to the ground in
order to reduce the aircraft’s pitch attitude to a
value that ensures sufficient tail clearance at
touch down. This derotation phase adso has to
assure, that vertical speed at touch down does
not exceed its maximum alowed value. Due to
these chalenging demands the maneuver is
conducted fully automatically.

To investigate the short landing
capabllltles the aircraft has been upgraded with:

An Integrity Beacon Landing System
(IBLSO) from Palo Alto, California
based company IntegriNautics.
- An autothrottle system
- A flight control software for high
AO0A approaches and landings.
These control laws, also called ESTOL control
laws or ESTOL autopilot, are designed using a
feed forward/feedback philosophy and are
integratedinto the existing X-31A control laws.

2 Objectives and Basic Requirements

2.1 X-31A Aircraft Configuration

The X-31A is a single seat longitudinal
unstable arcraft with a delta-canard
configuration. It has a GE F404-400 engine with
afterburner, producing 16000 Ibs. of thrust at
sea level.

Figure 1 depicts the control effectors of the
X-31A including aerodynamic and thrust
vectoring control deflectors.
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The primary aerodynamic control surfaces are
the symmetric trailing edge flags and the
canards for the longitudinal axis and the
differential trailing edge flaps and rudder for the
lateral/directional axes. Additionally, a thrust
vectoring system is used to augment the
aerodynamic control power during low speed
and poststall flight. The deflections of the
leading edge dats are scheduled with the angle
of attack and are fully extended for poststall
flight.

2.2 Design task

An ESTOL maneuver consist of three

segments (Figure 2):

1  Descent at high angle of attack (A0A)

2  Derotation after reaching minimum tail

height

3 Touch down and roll out
To ensure proper operation of the ESTOL
autopilot it is important to know the position of
the aircraft accurately. Therefore, the aircraft
position is determined by blending IBLSO
position data with data from the Inertia
Navigation System (INS), which provides up to
cm-level accuracy. To achieve this high
accuracy, a pass through an imaginary bubble,
defined by two ground based integrity beacon
transmitters (pseudolites) is necessay.

Therefore, a complete ESTOL approach

pattern consists of two parts. First, a manua
flight through the IBLSO bubble followed by a
manually flown traffic pattern into the “ESTOL
engagement box”. Second, if all the ESTOL
related criteria are met, the glot can engage the
autopilot (Figure2). Then the autopilot will
guide the arplane aong the commanded
trgjectory during the approach and the landing
phase including touchdown.

2.3 Design Objectives

The ESTOL autopilot has to meet the
following design objectives:
- Closed loop stability
- Satisfactory tracking performances
- Robustness against turbulence and
gusts
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- Flexible trgjectory command

- Flexible AOA build-up

- Sufficient tail ground clearance

- Vertical speed at touch down below
maximum permitted vertical speed

- Wave-off capability.

3 General Control Law structure

Figure 3 shows the genera control law
structure of the X-31. On the left side all sensor
inputs are shown providing the following
signals for the control calculations:

- Rates and accelerations

- Position and the direction cosines

- Aerodynamic flow angles

- Airspeed, Mach number, dynamic

pressure and atitude

The signals from the aerodynamic and the
inertial sensors are mixed to get the flow angles
and the velocity used in the control laws (see
aso[1]).

The measured position and the direction
cosines provided by the INS and IBLSO are
transformed into a fixed runway coordinate
system. These additional signals are only used
by the ESTOL autopilot.

3.1 Lateral/directional Autopilot

As shown in Figure3, the lateral/directional
autopilot is added as an outer loop to the basic
lateral controller. The autopilot controls the
lateral deviation Dy, the track angle ¢ and the
roll angle m and compensates for crosswind
(Figure 4). The deviations of these parameters
from the commanded vaues are used as
commands for the basic control laws instead of
the stick and pedal inputs (Figure 5).

3.2 Longitudinal Autopilot

The tragjectory and the longitudina control
parameters of the ESTOL approach are shown
in Figure 6. Both, stabilization of the aircraft
and trgectory tracking are redlized in an
integrated inner loop design.

The existing longitudinal control laws have
been extended by additional control signals, as
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shown in Figure 9. The added ESTOL control
laws consist of a feedforward path (called
“Longitudina ESTOL feedf orward control” in
Figure 9) and a feedback path.

Due to the demanding design specifications
for the longitudinal axis, the ESTOL autopilot
features direct link commands to the control
effectors.

3.2.1 Feedforward path

In the feedforward path (Figure7) the
command signals for AoA, pitch rate, altitude,
speed, flight path and the curvature of the
trajectory are caculated. This calculation
consists of two independent parts. The
trgjectory determination yields the commanded
atitude and the commanded flight path angle,
while the AoA command calculation provides
the commanded angle of attack. Using these
signals, the commanded velocity and pitch rate
can be derived. Furthermore, the direct link
control signals to the trailling edge flaps, the
canards and the autothrottle are calculated as a
steady state inversion of the commanded AOA,
airspeed, altitude and pitch rate.

3.2.2 Trajectory calculation

The trgectory is calculated in a fixed
runway coordinate system. It consists of the
following elements:

- Level flight within predefined
atitude limits
- Descent with a constant flight path
angle

- Level flight at derotation altitude
The specifications for the trgjectory are:
- A smooth change between the
tragjectory elements
- No stepsin accelerations
- Terrain clearance  must be
independent from wind conditions
due to fixed reference to ground
distance
- Flexibility to change the commanded
flight path during flight tests
To meet these specifications, the traectory
consists of the following geometric elements:
- Straight line, for constant flight path

- Circle, for change in flight path
angle (constant g)

- 3rd order parabola, which gives a
continuous transition from a straight
line to a circle due to continuous
change in curvature

The traectory is caculated in rea time
according to the actual altitude at engagement.

This results in a wide dtitude range for the
ESTOL engagement.

The resulting signals are altitude command
hc and flight path angle command g: which are
used for the feedback control.

3.2.3 AoA command calculation

Independent from trajectory calculation,
the AoOA command is calculated. The AoA build
up is defined by four AOA -rate break points
along the trgjectory and the desired final AoA.
An ealy or lae AoA build up can be
commanded by shifting the break points. In
Figure 8, the AOA rate and the resulting AoA -
command versus distance to the derotation point
is shown.

By using the results of the traectory
caculation and the AoA command calculation,
the following command and direct link signals
are calculated:

- Angle of attack command a ¢

- Pitch rate command qc

- Altitude command hc

- Airspeed command Vc

- Flight path angle command ¢

- Trailing edge direct link signal dep.
- Canard direct link signal, dcanoL

- Power lever direct link signal, PLADL

3.3 Feedback path

The structure of the longitudinal feedback
design is shown in Figure9. For a better
visibility, it was decided to split the stabilization
part from the trgjectory tracking part.

The basic longitudina control law
structure, featuring AOA (proportional and
intega) and pitch rate feedback, is
supplemented by additional feedback paths of
airspeed, altitude (proportional and integral) and
flight path angle. Additionaly the ESTOL
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controller provides an output to the autothrottle.
Because of model uncertaintiesit is not possible
to achieve zero steady state error in AOA,
airspeed, flight-path angle and dtitude
simultaneously. Hence, a washout filter is
included in the airspeed feedback path to filter
out steady state errors.

The control power used for stabilization is
collected in bottleneck 1 (point 1 in Figure9).
From there, the control power is distributed to
the three longitudinal control surface signals.

The control power used for trgectory
tracking (minus the autothrottle portion) is
collected in bottleneck 2 (point 2 in Figure 9
and is distributed to the control surface signals.

To avoid steady state errors in the feedback
signals, integrals of the AOA and altitude are
included. To improve gust rgection and to
relieve the integrators disturbance feedforward
commands are added to the control effectors.
For this the additiona AoA due to wind @w) is
calculated by subtracting the noseboom AoA
ans from the AoA calculated from the inertial
speedsa |n.

3.4 Demtation phase

The derotation phase is triggered by
undershoot of the minimum tail clearance hin.
The purpose of this phase is to keep the tall
above htmin. (Figure 10). To achieve this, the
aircraft has to rotate around the lowest point of
the tail until touch down. Additionally the sink
rate at touch down must not exceed the load
limits of the landing gear.

During derotation the same feedback
structure and gains as in the approach phase are
used to avoid switching transients in the control
laws. The five command signas, used for
trajectory tracking are initialized to their last
value before derotation.

During derotation, the command signals
are calculated as shown in Figure 11:

Since the most demanding constraint
during derotation is the tail clearance, al the
command signals (except the airspeed command
which stays constant) are derived from a new
command signal: the pitch attitude command

dc
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Jc :q0+ClxéCdt+C2>U]T @)

go is the current pitch attitude. It is calculated

from the altitude of the center of gravity hegand
thetail height hy (Figure 12):

2y o 2
g i

Qo = arcsin

The angle gt between the lever arm ry and the
aircraft symmetry axis is subtracted for
transformation into the aircraft body axis
system.

dc is the commanded pitch rate around the tail.
It is calculated so that the velocity vector is
divided into a transformation along the Xaxis
and arotation around the tail (Figure 12):

_ Vi 9 ©)
rr >c0s(q, +a;)

For the 39 part the tail undershoot Dh, is
calculated. It is negative if the tail is below hymin
while remaining zero if the tall is above hryin
This provides an additiona pitch down moment
if the tail height falls below hyin

de

4.Moding

Once the ESTOL autopilot is engaged
there are three modes as shown in Figure 13:
1 ESTOL AP mode
This is the main mode if there are no
failures. The aircraft tracks the
trajectory and lands automatically.
2 Wave-off with autothrottle engaged
If it is required to abort the ESTOL
approach, an automatic wave off
maneuver can be initiated.
This mode can be engaged manually
(by pushing the WAVE OFF button or
by exceeding the throttle breakout
force) or automatically (by exceeding
ESTOL limits or failure detection).
The throttle is set to MIL power if the
wave off was not initisted by an
autothrottle failure.
3 Wave off with manual throttle
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If there was an autothrottle failure the
autopilot switches to the wave off
mode but the pilot has to manually
control the power lever. All wave offs
result in a wings level climbing flight
with constant AOA. The pilot can

disengage the autopilot at his
discretion.
5. Analysis
To evauate the ESTOL controller

performance a 6-DOF nonlinear simulation was
set up. Figure 14 shows the time histories for an
approach with the ESTOL autopilot engaged
from nonlinear simulation. Sensed and
commanded atitude show an amost zero
control error during the entire ESTOL
maneuver. A similar good result is achieved for
the AoOA curves. Regarding the speed time
histories, the effect of the washout filter in the

feedback path can be seen. The actua speed Vs
shows a nearly constant offset to the command
signa Vc.
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Figure 13: Modes of the ESTOL autopilot
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