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LOSS-OF-CONTROL PREVENTION AND RECOVERY FLIGHT CONTROLLER
Cross-Reference to Related Application

[0001] This application claims priority to U.S. Provisional Patent Application
Serial No. 62/221,858, filed on September 22, 2015, the disclosure of which is

incorporated by reference herein in its entirety.
Technical Field
[0002] The present invention relates generally to a flight control system for fixed-

wing aircraft, and more specifically a hybrid flight control system for loss-of-control
prevention and recovery.

Background

[0003] There are three types of forces acting on an airplane simultaneously: the
aerodynamic force, the gravitational force, and the propulsion. The aerodynamic force
has three components: lift force, drag force, and side force. These forces are generated
by the relative motion of the airfoil with respect to the atmosphere. Since dependencies
of aerodynamic forces are usually very complex, approximations are made to determine
the aerodynamic force by aerodynamic angles including angle-of-attack, side-slip angle,
and bank angle.

[0004] Angle-of-attack can be defined as the angle between the wing airfoil chord
line and the relative wind. In normal operations, the lift is directly proportional to angle-
of-attack. However, angle-of-attack cannot exceed an upper bound which is called the
critical angle-of-attack, since beyond it flow separation induced stall may occur causing
sudden reduction of the lift. In the situation of the stall, the airplane will lose altitude and
the ability to control its attitude. The side-slip angle is the angle between the oncoming
airflow and the direction towards which the aircraft is pointing. Similar to the angle-of-
attack, side-slip angle determines the magnitude of side force. The large side-slip angle
may cause severe vibration of propellers or surge in turbo-engines, which may lead to
Loss-of-Control (“LOC”) or cause damage to the vehicle. Large side-slip angles
combined with a stall may induce lateral spins of the aircraft which may not be
recoverable. Side slipping is undesirable since a lateral acceleration directed toward the
airplane center makes passengers uncomfortable. Bank angle is the angle of the
vehicle longitudinal axis inclines with respect to its velocity vector. Itis a preferred

maneuver in carrying out a turn, known as a Bank-to-Turn (BTT). If the vehicle is
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overbanked, it may lose altitude and go into a spiral dive due to inadequate lift.
Therefore, the pilot or autopilot would lose the ability to fix the aircraft with the
aerodynamic angles exceeding the safety boundaries, causing the vehicle to go into
LOC. Here LOC means that the pilot would not be able to operate the plane, even
though the control system of the aircraft may still be physically intact and functional.
[0005] Based on the Airplane Upset Recovery Training Aid provided by the
Federal Aviation Administration (FAA), “an airplane in flight unintentionally exceeding
the parameters normally experienced in operations or training” is called airplane upset.
LOC is described as motions that are: 1) outside the normal operating flight envelopes;
2) not predictably controlled by pilot inputs; 3) high angular rates and displacements.
Statistics of airplane accidents show that aircraft LOC were associated with aircraft
component failures (including jammed control surfaces, loss of engines, icing
contamination), weather conditions (including turbulence, wind shear, mountain waves),
and inappropriate crew control. The analysis also shows that the LOC accidents usually
involve more than one contributing factor and consequently drive the aircraft into an
inadvertent event with abnormal aircraft attitude, angular rate, acceleration, airspeed, or
flight trajectory.

[0006] According to the statistical report of commercial jet accidents occurring
from 2003 through 2012 created by the Boeing Company, LOC-in-flight was the number
one cause in terms of both the number of accidents and the number of fatalities. There
were 18 accidents and 1,648 deaths caused by LOC during that period. Moreover, not
only for commercial transport airplanes, LOC is listed to be the number one cause of
upset events also for general aviation.

[0007] Thus, the Commercial Aviation Safety Team (CAST) has spearheaded the
effort to define the causes of LOC and to develop interventions to prevent these
accidents. Even though the automatic flight control system (autopilot) is usually
equipped in modern aircraft operation systems to reduce the pilot's workload, the FAA
upset recovery rules still require that the pilot needs to take control of the aircraft when
LOC occurs. Several pilot training programs provide simulators to educate pilots so that
they will have adequate skills to prevent and recover from upsets. Because pilot
recovery depends on the pilot response time and may involve inappropriate operations
due to human errors, it would be beneficial to develop effective interventions by
designing an automatic system that has the capabilities of correctly and promptly

responding to unanticipated events and recover from adverse LOC situations.
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[0008] The chain of complex events that cause LOC and proper interventions can
be subdivided into nominal, prevention, LOC arrest, and mission restoration. Prevention
is defined to be the control strategies and maneuvers to sustain normal flight under
unexpected adverse events such as environmental hazards, system failures, vehicle
damage, or pilot errors. In the event that prevention fails and the aircraft still slips into
upset situations, then LOC arrest becomes necessary, which is to activate control
strategies to rescue the aircraft from a LOC event. A stabilized flight path recovery
should be initiated as soon as LOC arrest maneuvers are complete, which is the
restoration. LOC arrest and restoration will eventually achieve full flight mission
recovery.

[0009] In the past, small wind disturbance accommodation has been considered
in the aircraft control system design, but advanced aircraft control method should be
applied for control system design to improve the robustness so that the aircraft can
survive severe weather conditions. Given different LOC events (for example, a jammed
actuator or stuck control surface), the existing LOC prevention methods focus on the
computations of the safe set, especially in control constraints design of the flight control
systems. However, it is difficult to anticipate all different adverse operating scenarios in
the automatic control systems since the LOC occurs due to a combination of various
factors, and detecting an impending LOC mode in real-time during an upset can be very
challenging. In one study, up to 700 feet altitude loss occurred by linearized natural
damping recovery for the aerodynamic envelopes. Such LOC recovery is more likely to
experience a crash considering the terrain, especially during approach and landing.
Such performance would not be considered an effective LOC recovery by the Pilot
Guide to Airplane Upset Recovery, which requires that the altitude loss must be within
30m (100 feet).

[0010] Various control methods have been used striving to provide passengers
with a smooth ride and high degree of safety. Order-reduction, decoupling, linearization
and frozen time techniques are commonly used to develop the control system for LOC
prevention and recovery. However, flight control systems are designed typically for
nominal aircraft Equation-of-Motions (EOMs), which are invalid under upset conditions.
In addition, such methods provide limited capabilities because the effectiveness or even
stability of such designs relies heavily on the simplification assumptions pertaining to
the specific LOC mode and aircraft models. In addition, perturbations caused by order-

reduction (singular perturbation), decoupling (regular perturbation), linearization
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(vanishing regular perturbation), and/or frozen time (non-vanishing regular perturbation)
have typically been neglected during design relying on the stability margins to
accommodate. In that case, the adequate stability margin and load/stress factors have
not been given adequate attention in the controller design due to changes in the aircraft
dynamics, possible excitation of un-modeled parasitic dynamics and parameter change
by the upset. Furthermore, pilot LOC training requires the disengagement of autopilot
when aircraft experiences upset, which clearly indicates the deficiencies and immaturity
of the current automatic flight control systems in LOC recovery.

[0011] Therefore, significant improvements to the current LOC prevention and
recovery performance by the existing techniques could be achieved with more
advanced control techniques. There is a need for a more intelligent and reliable
automatic LOC prevention and recovery system to supplement the pilot operation or

even substitute for the pilot to control the aircraft in an upset condition.

Summary
[0012] An integrated loss-of-control prevention and recovery automatic control

system of a fixed-wing aircraft is disclosed. The control system includes a plurality of
flight control modes, including a nominal flight control mode, a loss-of-control prevention
control mode, a loss-of-control arrest control mode, and a nominal flight restoration
control mode. The control system further includes a supervisory control system capable
of monitoring the flight states and flight events of the aircraft and determining which
flight control mode to activate. In one aspect of the control system, the nominal flight
control mode is defined by a six degree-of-freedom trajectory tracking controller with the
wind-triangle and the post-stall aerodynamic characteristics in the calculation of the
aerodynamic forces, and the time-varying parallel differential eigenvalues implemented
in the feedback control gain matrices per Eqgs. (9)-(11) below. In another aspect of the
control system, the loss-of-control prevention control mode includes a bandwidth
adaptation to the nominal flight control mode to prevent a loss of control of the aircraft.
In another aspect of the control system the loss-of control prevention control mode
employs time-varying parallel differential eigenvalues to sacrifice tracking performance
to increase capability of tolerance for severe wind and other abnormalities in real-time.
In yet another aspect of the control system, wherein the loss-of-control prevention
control mode augments the six degree-of-freedom trajectory tracking controller in the

nominal flight control mode via the gain matrices per Egs. (9)-(11) below. In another
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aspect of the control system, the loss-of-control arrest control mode includes a full
throttle control during an arrest phase. In still another aspect of the control system, the
loss-of-control arrest control mode includes a commanded aerodynamic attitude
determined by a level and straight flight trim value of angle-of-attack and zero sideslip
and bank angles. The loss-of-control arrest control mode may track the commanded
aerodynamic profile via inner and outer aerodynamic attitude loops.

[0013] In another aspect of the control system, the restoration mode includes a
close-in sub-mode for guiding the aircraft to catch up with a target position dictated by a
mission trajectory and a home-in sub-mode for restoring the mission trajectory of the
aircraft. The close-in sub-mode may be defined by a guidance approach wherein a
velocity vector of the aircraft is aligned to a line-of-sight vector of the aircraft using
proportional-integral-derivative linear regulation in an Earth reference frame. The home-
in sub-mode may include a bandwidth adaptation for gradually regaining tracking
performance of the aircraft and restoring the mission trajectory of the aircraft.

[0014] In another aspect of the control system, the supervisory control system
includes a supervisory control logic variable having a value set according to flight states
and flight events of the aircraft, and determining which flight control mode to activate.
The supervisory control logic variable may be set to a value corresponding to the
nominal flight control mode when a predetermined set of flight states of the aircraft are
each within a predetermined set of operation thresholds. The supervisory control logic
variable may be set to a value corresponding to the loss-of-control prevention control
mode when at least one the flight states of the aircraft is within a predetermined set of
protection thresholds. The supervisory control logic variable may be set to a value
corresponding to the loss-of-control arrest control mode when at least one the flight
states of the aircraft exceeds a predetermined set of safety thresholds. The supervisory
control logic variable may be set to a value corresponding to the nominal flight
restoration control mode when a predetermined set of flight states of the aircraft are
each within a predetermined set of operation thresholds and a position error between
the aircraft and a target position exceeds a range threshold.

[0015] A method of preventing loss-of-control of a fixed-wing aircraft having an
automatic control system is also disclosed, The method includes monitoring a plurality
of flight states of the aircraft, engaging a nominal flight control mode of the automatic
control system when a predetermined set of flight states of the aircraft are each within a

predetermined set of operation thresholds, engaging a prevention mode of the
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automatic control system when at least one of the flight states of the aircraft is within a
predetermined set of protection thresholds, and engaging a loss-of-control arrest mode
of the automatic control system when at least one the flight states of the aircraft
exceeds a predetermined set of safety thresholds. In one aspect of the method, it
further includes engaging a restoration mode of the automatic control system when a
predetermined set of flight states of the aircraft are each within a predetermined set of
operation thresholds and a position error between the aircraft and a target position
exceeds a range threshold.

[0016] In another embodiment, an integrated loss-of-control prevention and
recovery automatic control system of a fixed-wing aircraft is also disclosed. The control
system includes a plurality of flight control modes, including a nominal flight control
mode and a loss-of-control prevention control mode. The control system also includes
a supervisory control system capable of monitoring the flight states and flight events of
the aircraft and determining which flight control mode to activate.

[0017] In another embodiment, an integrated loss-of-control prevention and
recovery automatic control system of a fixed-wing aircraft is disclosed. The control
system includes a plurality of flight control modes, including a nominal flight control
mode and a loss-of-control arrest control mode. The control system further includes a
supervisory control system capable of monitoring the flight states and flight events of
the aircraft and determining which flight control mode to activate.

[0018] In another embodiment, a restoration mode for a fixed-wing aircraft is
disclosed. The control system includes a close-in sub-mode for guiding the aircraft to
catch up with a target position, wherein the close-in sub-mode is defined by a guidance
approach wherein a velocity vector of the aircraft is aligned to a line-of-sight vector of
the aircraft using proportional-integral-derivative linear regulation in an Earth reference
frame. The control system further includes a home-in sub-mode for restoring a mission
of the aircraft, wherein the home-in sub-mode includes a bandwidth adaptation for
gradually regaining tracking performance of the aircraft and restoring the mission

trajectory of the aircraft.

Brief Description of the Drawings

[0019] The accompanying drawings, which are incorporated in and constitute a

part of this specification, illustrate embodiments of the invention and, together with a
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general description of the invention given above, and the detailed description given

below, serve to explain the invention.

[0020] Fig. 1 is a perspective view of an exemplary aircraft, further showing
various coordinate frames relative to the aircraft.

[0021] Fig. 2A is a top view of the aircraft of Fig. 1, further showing a horizontal
view of a wind triangle.

[0022] Fig. 2B is a top view similar to Fig. 2A, further showing a vertical view of a
wind triangle.

[0023] Fig. 3 is a graph illustrating typical lift and drag coefficients varying with

angle of attack for an exemplary aircraft.

[0024] Fig. 4 is a block diagram illustrating an exemplary loss-of-control
prevention controller augmentation in accordance with an aspect of the invention.
[0025] Fig. 5 is a block diagram illustrating an adaptive gain structure in
accordance with an aspect of the invention.

[0026] Fig. 6 is a graph illustrating bandwidth adaptation gain in accordance with
an aspect of the invention.

[0027] Fig. 7 is a block diagram illustrating a loss-of-control arrest control mode
configuration in accordance with an aspect of the invention.

[0028] Fig. 8 is a graph illustrating an exemplary wind condition in defining the
severe wild tolerance capability.

[0029] Fig. 9 is a block diagram illustrating a multimodal control system
configuration in accordance with an aspect of the invention.

[0030] Fig. 10 is a perspective view of an exemplary aircraft, further showing a
line-of-sight vector and a velocity vector of the aircraft with respect to a mission
trajectory of the aircraft.

[0031] Fig. 11 is a block diagram illustrating a steering control for a restoration
mode in accordance with an aspect of the invention.

[0032] Fig. 12 is a block diagram illustrating a velocity control for a restoration
mode in accordance with an aspect of the invention.

[0033] Fig. 13 is a graph illustrating a bandwidth adaptation law for a nominal
mode, a close-in sub-mode, and a home-in sub-mode, in accordance with an aspect of

the invention.
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[0034] Fig. 14 is a block diagram of an autonomous flight management system
that integrates the multimodal adaptive flight controller for Loss-of-Control Prevention
and Recovery in accordance with an aspect of the invention.

[0035] Fig. 15 is a graph illustrating the definition of aircraft flight state threshold
sets in accordance with an aspect of the invention.

[0036] Fig. 16 is a block diagram illustrating interrelationships between nominal,
prevention, loss-of-control arrest, and restoration modes, and the mode transition logics,
in accordance with an aspect of the invention.

Detailed Description

A. Nomenclature
[0037] The following is a list of the nomenclature used in the detailed description

and drawings.

P=[x, ze]T = vehicle inertial position (m )
V=[u v w| = body frame vehicle velocity (m/s)
A,=[a, a, aw]T = body frame acceleration (m/s?)
V,=[u, v, w,]' =body frame wind velocity (m/ s)
V=[u, v, w] = body frame relative wind velocity (m /s )
r=[¢ 6 v| = Euler angles: roll, pitch, and yaw ( rad )
Q=[p ¢q | = angular rates in the body frame (rad / s)
T . .
O= [a,, a, a,] = angular acceleration in the body frame (rad / s*)
A= [ 5 & 5r]T = aileron, elevator and rudder deflection (rad )
F= [ F, F, F, ]T = total force on aircraft in the body frame ( N )
F, = [ DY L]T = aerodynamic force: drag, side force, and lift in the wind
frame (N )

T, =[L, M, N,,,]T = total torque on aircraft in the body frame ( Nm )

T=[7, T, T.]  =body frame thrust (N )

A=[a B ,u]T = aerodynamic angles: angle-of-attack, sideslip and bank

8
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angle (rad )
= range vector (m )

= Line-of-Sight vector
= altitude (m )

= dynamic pressure (N /m?* )

= local atmosphere density (kg /m® )

= magnitude of vehicle velocity (m/ s)

= flight path angle, heading angle ( rad )

= proportional thrust control effector

= thrust magnitude, maximum thrust magnitude ( N )

= maximum allowable vehicle velocity (/s )

= vehicle weight under conventional gravitational
acceleration (N)

= vehicle mass (kg)

= gravitational acceleration (m/s* )

= wing reference area (m’ )

= wing span (m )

= wing mean aerodynamic chord (m )
= load factor

= azimuth angle (rad )

= elevation angle ( rad )

= range vector magnitude

= supervisory control flag

= proportional, integral and differential gain

= velocity and range regulation gains

=a; (t), where @, (t)is the time-varying natural frequency

of desired dynamics for i" loop, i=1,2,3,4, j"channel,
i=1,2,3, (1 = roll channel, 2 = pitch channel, 3 =yaw
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channel)

a;, =2¢w, (1), where ¢ is the constant damping ratio of
desired dynamics for i" loop, ;™ channel

k, = bandwidth adaptation gain

P(s) = plant transfer function

L(s) = loop gain

#(s) = phase response

@, = actuator system bandwidth (rad / s)

@, = gain cross-over frequency of loop gain (rad / s)

£ = singular perturbation parameter

, = natural frequency (rad / s )

CoCo, -G, = drag force coefficients

G, G, = side force coefficients

C,.C.,C, = lift force coefficients

¢, C..GC, = roll moment coefficients

¢..C, ,C, = pitch moment coefficients

Cnﬁ, Cn;, Cn: = yaw moment coefficients

1..1,.1_ = moment of inertia about the body frame axis (kg. m” )

1..1.,1, = products of inertia ( kg. m’® )

VKO SO0 SO SO &

pqg’ pp T pg T qro” pr?

17.¢8/.87.8/.8..8.

I, = inertia coefficients

I,1,1.,1, = moments of inertia
0,,0,,0, = operation box subset
R,P,P, = protection box subset
S,,8,,5, = safety box subset

Sy = sin(x)

C = cos(x)

T, = tan(x)

B. Reference Frames

10
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[0038] The following aircraft coordinate frames are illustrated in Fig. 1.

[0039] The Earth-fixed reference frame F, with flat-Earth assumptions is
considered an inertial frame throughout this detailed description. A position vector in this
frame is givenas P=[x, y, z,], with positive x, pointing due north, v, due east,
and z, toward the center of the Earth. The origin is some fixed point on the Earth’s
surface P=[0 0 0] that is specified when necessary.

[0040] A body-fixed frame of reference Fj is defined with the x-axis pointing

forward along and parallel to the fuselage of the aircraft, and the y -axis at 90° along

the right (starboard) wing such that the x—z plane is the plane of symmetry of the
aircraft. The z-axis points downward to form a right-handed triad. It is assumed that the
thrust vector T runs along the x-axis and through the center-of-gravity (cg). A

proportional thrust law given by T, =67 is used for simplicity of exposition, where
0, € [O,l] denotes the engine throttle setting and is used as a control effector by the

guidance control allocation.
[0041] The wind frame of reference Fy is defined with the x-axis along the total

velocity vector ¥, and the y -axis at 90° along the right (starboard) side of the aircraft

t

aligned with the body frame y-axis. The z -axis remains at all times in the aircraft plane
of symmetry, and completes a right-handed coordinate system.

[0042] A local atmospheric-fixed reference frame F, describing the motion of the
atmosphere with translational and rotational properties has its origin fixed in the air
mass surrounding the aircraft and aligns with the Earth Frame when there is no
rotational movement.

[0043] The equations of motion (EOM) are integrated in the body frame, and the
aerodynamic forces and moments may be calculated in either the wind frame or body
frame using appropriate aerodynamic coefficients. Using these reference frames leads
to the standard EOM for a rigid-body aircraft.

[0044] There is also a body-carried Earth reference frame, sometimes called the
“local Level Frame” or “local Geodetic Frame,” which is to attach the origin of the Earth-
fixed frame to the center of gravity of the aircraft without rotations. This frame may be
useful in defining the aircraft attitude (orientation).

C. Introductory Overview

11
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[0045] The invention provides an autonomous integrated Loss-of-Control
Prevention and Recovery (iLOCPR) system capable of acting as a supervisory control
to make decisions and coordinate various control modes according to the flight
conditions of the aircraft. The iLOCPR system may be characterized by a set of one or
more control modes including, for example, a “nominal flight control mode”, a “LOC
prevention control mode”, a “LOC arrest control mode” and a “nominal flight restoration
control mode.” Generally, the functions of these modes are: (i) a baseline flight
controller for 6DOF trajectory tracking as the nominal flight control mode designed by
Trajectory Linearization Control (TLC); (i) a bandwidth adaption augmentation to the
baseline controller for LOC prevention control mode using the time-varying Parallel
Derivative (PD)-eigenvalues to trade tracking performance for increased stability margin
and robustness in the presence of LOC-prone flight conditions; (iii) a controller
reconfiguration for LOC arrest control mode by switching from the trajectory tracking
task to the aerodynamic angle tracking in order to recover and maintain healthy flight
conditions at the cost of temporarily abandoning the mission trajectory; and (iv) a
guidance trajectory designer for nominal flight restoration control mode after the
successful arrest of a LOC upset. The iLOCPR system may also be used in manned
aircraft for pilot assistance.

D. Nominal Flight Control Mode Design

[0046] The invention may include a nominal, or baseline, flight control mode. In
one embodiment, the TLC 6DOF flight controller disclosed in U.S. Patent No. 8,761,966
(“the ‘966 patent”), the disclosure of which is incorporated by reference herein in its
entirety, may be used.

1. Improved Bank-to-Turn in Guidance Control

[0047] It will be appreciated that in the TLC 6DOF flight controller, the Bank-to-
Turn (BTT) guidance was not optimally designed for the tracking error feedback control
of the side force control allocation, since the side force was allocated into commanded

sideslip angle g, so that the undesirable sideslip occurs. To minimize the undesired

com

sideslip, a roll maneuver command defined by the auxiliary roll ¢, may be introduced

in this BTT improvement design. By rolling the aircraft, lateral component Y . of the
commanded lift L is used to provide the desired side force, thereby eliminating the

undesired sideslip by

12
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=L __sing

com com aux ( 1 )

where we have assumed the body-frame roll angle equals to the aerodynamic bank

angle u under small angle-of-attack « and sideslip angle g . Thus, the auxiliary roll

can be obtained as

@, = arcsin (%—‘1‘1] ()

com

Therefore, the commanded roll angle is given by the following equation as

¢'00m = ¢00m + ¢aux (3)

where ¢__ is obtained from

com

C, (a-b°)+btanafc(1-5%)+ Y*S}

-1
T az—b2(1+ctan2a)

tan

a

¢ el el 2
ef +S, .Je =S+
I'=8|= tan™ / A L / (4)
v

2 @2
eSy

a~u™~p

tan—l (Sy Sa _CQC/I Sﬂ)cz+ PCY Ca Cﬁ—— 87 (Sa C/I+ Sﬂ Ca Sll )]SZ
~(s,8.-C.C,8,)8,+/C,C,C,-8,(s,C,+8,C,8,)c,

J

2. Wind Effect on Navigation and Aerodynamics

[0048] Other improvements may be made to the TLC 6DOF flight controller. For
example, since the weather factor plays a significant role in aircraft motion and
aerodynamics, the wind effect needs to be considered. In order to describe the
atmosphere properties and the airflow (wind) movement relative to the inertial frame,
the local atmospheric-fixed reference frame representing the air-mass surrounding the
aircraft is added as a body-carried frame with its origin fixed at the center-of-gravity of

the aircraft.
[0049] The three-dimensional local wind inertial velocity V, =[u, v, w,]’, the

vehicle velocity V=[u v w] and the relative air velocity V, =[u v, wt]T can be

expressed in the body frame as

13
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u, u u,

V,=V-V =y I=|v|-|y,
(5)

w wl |w

i a

This wind vectors relationship is called the wind triangle as depicted in Figs. 2A-2B.

In addition to the heading angle o and flight path angle 4 describing the direction of

the flight in the Inertial frame, the horizontal and vertical wind triangle components are

defined as the crab angle r=x-v and the air-mass-referenced flight-path angle

=0 -
Ve a, respectively. These two wind-related angles are defined to navigate the

vehicle in the inertial frame for trajectory tracking in the presence of wind. In this case,
the commanded Euler attitude described in Eq. (4) is redesigned as follows when

considering the wind triangle

¢com
r.,.=lv,+a

com (6)
l - Zc

where the wind triangle can be approximately calculated by

T

w C S T
. 1 ' S ’ S ' : 1 W, - Sl
=y+arcsin| —| w ) = arcsin
7(1 }/ er We ZC 4 ZC I/t C}/u We CZ (7)
d 4

Note that the inertial wind velocity vector V, :[ua v, wa]T is estimated by subtracting
the sensed relative wind velocity V, ., from the sensed vehicle velocity V... Itis

emphasized that these changes only apply to the feedback error stabilizers, whereas
the open-loop nominal controller is unaffected as the nominal wind velocity is assumed

to be zero.

[0050] As a system parameter, the dynamic pressure depends on the local
density of the atmosphere p and the airspeed V ,as Q0= % AV?, which is implemented

according to the relative wind velocity obtained by Eq. (5). Also, the aerodynamic angles

are determined by the relative wind velocity as:
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S,+(u’+w?’)S.C.—uw C.C
a = arctan| -+ , B = arcsin 2 , M = arctan Uy S+ (U +w)S,Comuw C,Cy (8)
V Vi(w,S,+u,C,Cy,)

ul‘ !

In implementation, ¥, 5, a, and B8 can be readily measured by an air data probe, and the
ground speed can be obtained from satellite based GPS or ground-based navigation

systems.
3. Stall Characteristics

[0051] For LOC arrest control, post-stall aerodynamic coefficients may be added
to the TLC 6DOF flight controller in order to calculate the aerodynamic forces under stall
conditions. Fig. 3 provides the aerodynamic lift and drag coefficients in full flight
envelope for typical fixed-wing aircraft according to the wind-tunnel test results.

[0052] While the above improvements have been described with respect to the
TLC 6DOF flight controller, they may be incorporated into any other suitable nominal or
baseline design, as may be desired.

E. LOC Prevention Control Mode Design (Bandwidth Adaptation)

[0053] The baseline controller is capable of accommodating moderate wind
conditions to maintain the inertial trajectory tracking task. Based on the singular
perturbation theory, severe wind can be managed at the cost of reduced tracking
performance by reducing the bandwidth (integral gain) of the closed-loop tracking error
dynamics. The TLC 6DOF flight controller comprises four loops, and each loop has
three channels, corresponding to the 6DOF in four loops. Accordingly, 12 second-order
linear time-varying closed-loop tracking error dynamics

'IXEi]' + aijz(t)xij + ag](t)x,'j =0,1=1,2,3,4, Jj=123

(9)

are synthesized using the constant damping time-varying PD-eigenvalues

plj(t) :(_Cij tJ 1-4’;)0),,,,-]-([), i=1,234,;=12,3 (10)

by the PD-spectral synthesis formula

=@’ =2 Gy () 1=1,2,3,4, j=1,2,3
aij](t)—a)n,ij(t)» a;j?_(t)" gga)n,g(t)_"a');y_a 1=12,54,]=1,2, (11)

where the index i is the loop number counting from outer loop to inner loop and ; is the

channel number:; o

n

(1) are time-varying natural frequencies and ¢, are the constant

damping ratios of the desired closed-loop dynamics for each state variable X,
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H=w were used for the baseline

n,nom

However, constant natural frequencies o

nij

controller in the TLC 6DOF controller in the ‘966 patent, therefore, Eq. (11) was reduced

to the familiar LTI synthesis formula, and the closed-loop dynamics were LTI in nature.

[0054] By way of example and without limitation, time-varying natural frequency

w, (1), which is proportional and approximately equal to the closed-loop

(instantaneous) bandwidth, will be used herein for a real-time trade-off between tracking
performance and robustness to prevent LOC. In this case, a TLC based adaptive
control is proposed in Fig. 4, where the aircraft model is subject to wind disturbance and
perturbation; and the control system is augmented with a time-varying bandwidth
adaptive controller. Both the baseline controller and the adaptive controller rely on the
feedback from the on-board navigation system.

1. The General Bandwidth Adaptation Law

[0055] For a multi-loop flight controller, wind effects that reduce the effective
bandwidth of an inner-loop such as integrator windup can be treated as an increase in
singular perturbation to its outer loops. Therefore, by the singular perturbation (time-
scale separation) principle, the bandwidths of the outer loops should be reduced
accordingly to preserve stability at the cost of reduced tracking performance. This
bandwidth adaptation scheme can be readily realized with the time-varying bandwidth

w,;(1) in Eq. (11). A single adaptation gain &, () will be used for all bandwidths

Wn,ij () = kq(O)wn,ijnom (12)
where the constant bandwidths w,, ;; ,,m are those of the nominal flight control mode as
given in Table 1, which will be called nominal bandwidths. These values are exemplary
only, and the w,, ;; nom Should be designed for the specific aircraft. Thus, the Wn ijnom
are aircraft-dependent. The wy, ;;,m are first synthesized and tuned for the desired
tracking performance with reasonable robustness in no wind condition. In addition, the
{ijmom values shown in Table 1 are typical, and can be tuned for optimal performance.
Based on the singular perturbation principle, Table 2 gives the expected behaviors of
tracking performance and wind tolerance under bandwidth adaptation, where the

Tolerable Wind Amplitude (TWA) can be used as a measure of the wind tolerance

capability; |x,,..[|, is the cumulative state tracking error measured in L, -norm; k, ..and

rror
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k... @re the extreme values of £, (r) beyond which stability will be lost due to an

exceedance of stability margins.

Table 1. Nominal TLC controller parameters.

Loop 1 Loop 2 Loop 3 Loop 4

xiy z u v w @ 0 14 P q ¥

T

Wa,ijnom | 0.075 ‘ 0.075 | 0.005 | 0.075 | 0.005 | 0.098 | 0.098 | 0.005 | 0.098 | 0.390 | 0.036 | 0.390

Cijmom ].41411.414 1414 1 1414 | 1.414 | 1414 | 1.414 | 1414 | 1.414 | 1.414 | 1414 | 1.414

Table 2. Bandwidth adaptation, expected TWA and tracking performance.

Adaptation TWA Xror|
Bandwidth erorly
Constant a !
ka,min wn,min 14 a,max xcrror 1, max
ku,nom a)n,nom Va,nom xerror 1, nom
ka,max a)n,max Va,min xermr”] min
According to Eq. (12),
Onij(t) _ Wnijnomka(t) 0]
wn,ij(t) Wn,ijnomka(t) kq(t) (13)

Therefore, the PD-spectral synthesis formula in Eq. (11) can be rewritten as

- 2 _ _ /éa ()
aijl(t) - aijl,nomka (t)’ aijz(t) - aijz,nomka (t) ka (t) ’ (14)

The bandwidth adaptation gain &, (z) and Ién(t) can be implemented using a first-order
pseudo-differentiator as shown in Fig. 5, where w,, is a design parameter that
determines the time constant of the £, () in response to a step command k, gesie (). The
time-varying coefficients a;,(1) and a,, () are then programmed into the baseline

controller to replace the corresponding constant coefficients in the constant Pl gain
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matrices K p K, described in the ‘966 patent.

2. Wind Adaptation Law Design

[0056] As shown in Table 3, with modifications as described above, the extreme

n

bandwidths o, ., and o, ..., TWA along with the corresponding tracking error metric

are experimentally determined under each wind case. The numbers shown are
presented for a particular aircraft and are intended to be exemplary only, and the
amplitude of the wind in determining the TWA is defined using a standardized wind
profile as shown in Fig. 8. It will be appreciated that the invention applies more broadly

to any aircraft, including those having values different than those shown. Note that in

Table 3, the tracking error metric , goes up as k, decrease and goes down as £,

xen'or
increases, in support of the rationale for the bandwidth adaptation. Note also that the
adaptation gain is reduced to 0.01 when downdraft is accommodated, which means the
trajectory tracking is practically abandoned temporarily to prevent the vehicle from wind-
induced LOC.

Table 3. Bandwidth adaptation, TWA and tracking error under wind conditions

@, win @, 1om @, nax
Wind Condition b |TWA | el | foom [ TWA Tl | Fomn [ TWA | 1
Tailwind 0.1 19 | 1.7e05| 1 5 |16.3e04] 1.2 1 2.5e04
Headwind 0.1 80 | 434.4 1 75 1.2 1.2 15 0.3
Crosswind 0.1 25 |6.1e04 1 7 3.2e04 | 1 4 3.2e03
Downdraft 0.01] 25 |99e04] 1 3 2.9 1.2 2 0.9
Updraft 0.3 6 1.4e04 | 1 1 11.9 1.2 1 1.4

The adaptation laws are designed based on V,, =V~ V.en» Where the onboard

ground speed sensor and airspeed sensor will be required to estimate the wind velocity.
Then the time-varying bandwidth adaptation laws can be described on each wind case

as in Table 4:

Table 4. Wind adaptation law.

Wind Condition Adaptation Gain
r 0.0)= ~0.06u,+1 0<u <15
Tailwind (8 00=1 u,>15
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(0.0 = 1 -75<u,<0
Headwind b 01 u,<-75
k(0.v..0) —0.036v, +1 0<|v,|<25
. Vs =
Crosswind ‘ |v,|> 25
k. (0,0,m,) = -0.33w,+1 O<w, <3
w
Downdraft 0.01 w,>3
k. (0.0,m) 03  w,<-1
bl ,w =
Updraft ‘ ‘ 1 ~1<w, <0

For wind velocity vector with three non-zero components acting in the body frame, the
bandwidth adaptation law is designed by

o, () =k, (D)@, ., Where k(1) :min(ka(uﬂ,0,0),ka(O,Va,O),ka(0,0,wa)) (15)
where the £, is inherited from the adaptation law design for individual wind case in

Table 4. Such adaptation can ensure the minimum bandwidth requirement for
longitudinal, vertical and lateral wind combination. Fig. 6 shows the adaptation gain k,

for the three-dimensional wind speed when w, = 0 m/s . It will be appreciated that while
the values shown in Table 4 are for a specific type of aircraft, these are intended to be
exemplary only and the invention applies more broadly to other aircraft having different
values.

F. LOC Arrest Control Mode Design

[0057] LOC Arrest Control Mode is designed to guarantee the aircraft to stay
within a healthy aerodynamic envelope even at the cost of momentarily abandoning
trajectory tracking objective. Once LOC is detected, a logic may be used to switch the
controller automatically to LOC Arrest Control Mode from any of the control modes that
the controller is in, where all other control modes use the baseline controller.

1. Switching Logic

[0058] in one embodiment, a switching flag is set to be active when LOC occurs:
then the baseline flight controller needs to be disarmed. Such operation is achieved by

setting tracking command equal to the sensed flight states including »_, . v_.T_ . 9.,

so that the tracking errors are always zero. The integrations in the baseline controller for
tracking control is disengaged. Meanwhile, the LOC Arrest Control Mode needs to be
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engaged to take control of the aircraft.

2. Wind Frame EOM

[0059] The rotational kinematic EOM in the Wind Frame, rotational dynamics
EOM in the Body-Fixed Frame are given as follows

Rotational Kinematics (Body Frame relative to Wind Frame)

fes =TgC, 1 TS, I,
i[5 s T
2 Ca/C{? 0 Sa/CB r I3

A =B (A)Q+ fi(A (16)
where A=[a g 4] is the aerodynamic attitude vector and

c.C
(L+TS,)+Ern
Ve

my L, f;

T, =-

1 gC S
Zzz_’;_l;(DS/,-FYC,,—TCaS,,H I;"

1
%, =—[DT,8,C,+ ¥ T,C,C,+ L(T,+T,8,)

cC.T
+T(T,S,S,+S,T,-T,C,$ cﬂ)]-i‘:——yl-/-&-ﬂ

in which D,y,L are the aerodynamic force components drag, sideforce, and lift,

respectively.

Rotational Dynamics

Pl le’ 0 gL, I},pq+1}qr

gl={0 g o0 Mm+]zpp2+1,",r2+lzrpr

H g 0 g [NJ L,pa+1,qr (17)
Q=BT +/(Q)

where ??=[p q 7] is the angular velocity vector. The LOC Arrest Control Mode TLC

control configuration is illustrated in Fig. 7.

3. LOC Arrest Control Mode Command

T

[0060] The commanded aerodynamic attitude A, =[a,,, Ao #a] =[2em 0 0]

can be determined by the level and straight flight trim value of angle-of-attack as

W=L=QS(CLO +CLaamm) and zero sideslip and bank angles, where the dynamic pressure §

is chosen by desired value of the end of the arrest based on the altitude and airspeed.
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On the other hand, a level flight path angle ,'_ -0 is commanded depending on

allowable altitude loss. In order to quickly recover the healthy aerodynamic attitude, the

full throttle control s, =1 is applied. This full throttle effect for arrest operation would

require a “mission restoration” controller (discussed below) to be designed at the end of
the arrest to restore the throttle command and to redirect the aircraft back to the mission
trajectory.

4. Aerodynamic Attitude Outer Loop

[0061] In an exemplary embodiment, the controller is designed to track the
commanded aerodynamic profile using TLC and the controller configuration, as shown
in Fig. 7.

[0062] The outer loop of the aerodynamic attitude control takes in aerodynamic
attitude command A, = A, and the sensed states a_, to calculate the body rate
command for the inner loop. For aerodynamic attitude tracking, the nominal body rate is
given by inverting (16)

Q2 = By (A ) (A o = f(A ) (18)

Then with the tracking error A_ =A_, - A, , the Proportional-Integral (Pl) feedback

control law is obtained from the desired PD-eigenvalues based TLC design as shown

below.
chl.z =-K,s(DA,, - K,5(2) J‘Am (1 9)
where
kps,n kpS,lZ kp5.)3 0 ap S,  a;C, Cﬂ
Kys= kpS,Zl kps.:: kp5.23 Kis =| ay, 0 s, Sﬁ (20)
kps.sl kpS,}Z kp5,33 0 _a5|2Ca Ass Sn Cp
in which
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T
kpS,Il ZW(CD, C/, Su T7+ S, C, Sﬂ Cﬂ CuTy+Sp)+"

1
Kpsiz =S, [am +;1*17(DC,;~YS,,—TC,, Cﬂ)J

1
mVCﬁ

-TC,C;C,T,-YS,C;C,T)l+ pC,T,+rS,C, T,

+

[C(L+TS,-mgC,C,+DC,C,T,

B u "y

kpsvm=—';’—17/—[Cacﬁ(a332mV+LC#Ty+TSaCyT7-—DS ST
+YCﬂSFT7+WTﬁS”C7+TCaSﬂS”Ty)—-WSaSﬂcy]
1 2
kp5,21 =—’;I——V-_—[—TSaCﬁCHTy—TCaCﬁ+TSHCﬂT,
+TC,8;8, T 1+ a,,
T
ks =-';1—77[—YC”+ YC;. C,+ DS, C/, C,
-TC,S CﬂCﬂ]—pCa——rSa
1
kpS,ZJ =W[55(LC#T7+TSa CuTr-DSﬂ Sﬂ T7~YC/iSﬂTr
+mgT',,S#C,+TCaSﬁS”Ty)—mgSuC/CpHamSﬁ
TT, )
kps'”:—’—n-——V—-(SaCaCﬂSy~SaS CﬁCﬂ)—p

1 3
s = W—;[Su(u TS,-mgC,C,+DC,C,T,

3 2
-TC,C,C,T,~YS,C;C,T)]+pS,C,T, 1)
1
+rS, T,~C,[ay, —;17(}' S;~DC,+TC,C,)]

B%u Ty

1
kps’n=:n—V[SHC,,(LCﬂTy+TSaC”T7——DS ST
—YCﬂSﬂTy+mgTﬁSﬂCy+TCaSﬁS#Ty)
+mgCaS”Cr]+amSaCﬂ

The gain matrices are synthesized from the time-varying PD-eigenvalues by the desired
closed-loop behavior of the tracking error dynamics. The output of the attitude outer-

loop controller is then obtained as

Q = Qnom,Z + Q

com,2

ctrl,2 (22 )

5. Aerodynamic Attitude Inner Loop
[0063] The nominal moment vector is calculated by inverting (17) to obtain

Tymomz2 = Bs' | Qaomz = /5 (@uom2) | » @nd the Pl control law for this loop is

m,nom,
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T, o2 ~~Kpsgm,z ~Ky J;:Qerrl (O')do-

(23)
where @_,=Q_ -9Q_ ,and
[xx (aﬂ: + 1,’;,‘7)_ l‘:qlx:a
K, = 1, (218 p+14F)
-1, (I:qa + a412)+ 1149
L1+ 7)1 (1, B+ 17) 12515+ )
Al 1,(2057 + 12, 5)
L (1L 1P )+ (1, p+ 1) —102G+ 1 (17 + %)
N 0 1.0
Ky = 0 1,ay, Y
~1.a,, 0 Iay,
The commanded moment is then given by
T, come = Tosoma + T i
B o] » setrl, (24)
6. Attitude Control Allocation
[0064] The moment equations are written in terms of the control effectiveness
Jacobian, so that
L,-0SbC, B QSbC, 0 0bC), Irs,
M, -0SE(C, +Cpa)|=| 0  oseC, 0 {&J (25)
N, —0SbC, B QsbC,, 0 osbC, Lo
and inversion of (25) gives the control surface deflections command as:
osec, 0 08C, || Lyew-0S5C, B,
A=l 0 gsC, 0 M, .w-0SE(C, +C, a,,) (26)
08bC, 0 osbC, N oo = 9SDC, B
G. Nominal Flight Restoration Control Mode Design
[0065] The position tracking errors may increase to beyond the capability of the

nominal flight control mode after the LOC arrest. A nominal flight restoration control
mode may therefore be needed in order to reduce the position tracking error to a level
that can be accommodated by the nominal flight control mode to eventually restore the
mission.

1. Nominal Flight Restoration Control Mode Configuration

[0066] The nominal flight restoration control mode configuration in the multi-

modal control system iLOCPR is shown in Fig. 9, in which the mission trajectory is
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replaced by a restoration trajectory as the command trajectory in order to direct the
vehicle back to the mission trajectory after a successful arrest of upset.

[0067] Assuming a virtual aircraft that is moving along the mission trajectory at a
prescribed time, such virtual target can be referred as a target point, whose position is
predefined in the inertial frame. At the end of LOC arrest, the flight envelope

determining healthy flight states is recovered as

A€O, ANDQ €0, ANDV, €0, 27)

where

0={A:ac[-2.,5] pe[-5,5], u= [-20",20']}
0,={Q: p,q.r €[-20" /sec,20° /sec)} (28)
0, = {V: €[1.5V sV ]}

where A=[a g u] are the aerodyanmic angles; Q=[p ¢ r] are the angular rates;
V. @nd v, are the vehicle stall speed and the maximum achievable speed,

respectively. The values given in Eq. (28) are exemplary only, and other values may be
used depending on the particular aircraft. Flight envelope 0,,0,,0, indicates the success
of the LOC arrest. At this moment, the nominal flight restoration control mode is
engaged by setting the supervisory control flag = 3 as shown in Table 5. Under this

controller mode, the command trajectory is switched to p_ =P _; the feedback variables

are the same as the ones designed for the nominal flight control mode as

é,

com?® “r,com *

P ..V

sen? sen >

... .. ;and the controller outputs are a

Table 5. Multi-Mode Controller Configuration

. Active Controller
Mode flag | Trajectory Controller Output
. 6DOF
P i a Ac(\m’ 51' com
Nominal 0 e Nominal !
, 6DOF Nominal
P A ’ 6r COm
Prevention 1 et + BW Adaptation com» O,
3DOF
A Aus O
Arrest 2 arst Arrest ;
Restoration 3 P, 6D(.)F AnsS; com
Nominal
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[0068] By sensing the current position p_, and reading the target point p, ateach

sampling time, the range vector, which represents the position tracking error, can be
obtained in real-time as
R=[R, R, R,]
“Py-Po=[% Pe 2] [ Ve Zal (29)
where the range vector R is described in NED Cartesian coordinate. However, the
position tracking error is normally very large, since the altitude loss and course

deviations usually occur during the LOC arrest.

[0069] In order to restore the original mission, two sequential sub-modes are
designed for the mission restoration mode. The first sub-mode is called “close-in,” in

which a restoration trajectory p_, is planned to reduce the range given in (29) to a
moderate level, which will be defined as a capture box. Once the range is in the capture
box, a sub-mode called “home-in” is designed to gradually restore the original mission.
The design of these two sub-modes will be described as follows.

2. Close-in Control

[0070] The pure pursuic guidance (PPG) strategy is employed to cope with the
large range vector (29) in the Cartesian coordinate by transforming it to the spherical

coordinate as follows

= arctan —1—{5—
p= 7,
O = —arcsin (ED-)
- r (30)
r=yR,+R+R,’
where » is the range vector magnitude; p is the azimuth angle and ¢ is the elevation
angle, respectively. Therefore, the range vector R=[r, R, R,]" can be determined by

the azimuth angle and the elevation angle as follows

R, =rcospcoso
R, =rsinpcoso

(31)

R, =-rsinc
As shown in (31), the components » and o indicate the orientation in the inertial frame.
Such orientation is called the LOS vector, which is defined as Los=[; 1, 1] whose

three components are shown as below
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[ =cospcoso

L, =sinpcoso

L =-sinc (32)
where 4 , 1, and /, are the three-dimensional normalized coordinates in the NED
Cartesian frame. As shown in Fig. 10, the LOS vector is determined by the azimuth
angle and the elevation angle of the range vector described in (30), but with the
normalized magnitude. On the other hand, the aircraft inertial velocity vector
V=[x y 2]’ isrepresented using the flight course components as

X =Vcos ycosy
y=Vsin ycosy
z=-Vsiny (33)

where the y is the heading angle and 5 is the flight-path angle, respectively; v is the

inertial vehicle velocity magnitude. Fig. 10 also shows the vehicle velocity vector and its

flight-path components in the inertial frame.

[0071] The PPG trajectory design is to align the vehicle velocity vector with the
LOS by steering and accelerating the vehicle. The Restoration Trajectory block in Fig. 9
can be expanded as shown in Fig. 11, in which the first two channels are used for
orientation regulation, and the third channel is dedicated to velocity control according to
the distance and the target velocity, which are described below.

[0072] With respect to orientation control, as shown in Fig. 10, the vehicle’s
velocity vector is regulated to point to the target direction indicated by LOS in (33).
Therefore, the azimuth and elevation angles p and o that determine the LOS vector in
(31) and (32) are employed as the guidance commands for the close-in orientation
design

Zgui:pa 7gui:o- (34)

and the following PID control laws are designed as:

ertr = Kpl Zerr +K11 _EZen(T)dT +KDXZerr
yrstr = pryerr + K17 'Eyerr(r)dz- + KDy 7}err (35)

where Xer = Xpui = Xsen @nd Yer = Vi ~ Veen are the feedback tracking errors for the

heading angle channel and the flight-path angle channel, respectively, which are both
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assumed to be sufficiently small, which is satisfied with the vehicle behind the target
with a large range and relatively small altitude and horizontal course deviation; »_ and
7. are the sensed vehicle heading angle and flight-path angle, respectively; and the

% @nd y_ are the feedback control variables for the close-in trajectory generation.

[0073] With respect to velocity control, the velocity command comprises two

sources: the distance » and the inertial speed of the virtual target Vtg . At the end of the

restoration, the vehicle velocity should be the same as the target speed V.« . Regarding

the initial value setting for the integrators in the controller, at the nominal flight

restoration control mode triggering moment when (= , which is also the end of the

arrest, even though the position command is setto p__ =p_ , the internal states of the

controlier are not consistent with those induced by p_ . Therefore, the velocity vector of
the restoration guidance trajectory p_ is initialized at v_ () to guide the velocity for 5s,
as shown in Eq. (36). This phase is called coast, which effectively avoids the throttle
saturation induced by excessive controller transient.

” _{Vsm, t, StSt +5

Vs 1>t (36)

After the controller is initialized, vector v, is employed to guide the vehicle by the pure
pursuit guidance law, which allows the Line-of-Sight (LOS) tracking to converge first
while maintaining a constant range. Once the LOS errors |y,| and |z,| are sufficiently
reduced to within a threshold &, where ¢ is determined by the maximum thrust of the
aircraft, the guidance velocity v,, is increased for the vehicle to close-in onto the target

based on the range by

where the saturation function on the range is set to, for instance, 2m/s depending on
the maximum thrust of the aircraft, which limits the maximum increase in velocity due to
the range error. It will be appreciated that this is an exemplary value only and may be
different depending on the particular aircraft. The range induced acceleration is applied
only when the range is larger than 1m. Therefore, the guidance velocity decreases to

V. =V, @s the range is reduced to less than 1m in preparation for home-in. Accordingly,
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the guidance velocity control considering the mode switching mechanism is given as

follows

Vrstr =KV(Vref+Vr—Vrslr) (38)

Then the Velocity Control block in Fig. 11 can be expanded as follows for the principle

illustration and implementation as shown in Fig. 12. By the orientation »_ and y_ , and
the velocity controlv,, designs above, the guidance trajectory for mission restoration

can be obtained by integrating the following inertial velocity in Cartesian coordinate as

Xy = . COS ¥\ COSY e

Lo

yrstr = Vt,mr Sin ertr COS}’mI (39)

erh' = l/l,rstr s 71'Sﬂ'

The restoration trajectory P, =[x, »y. z,] in(39)is then planned for the nominal
controller to track. When the position tracking error between the vehicle and the target
converges to within the boundaries indicated by the capture range box defined in (40),

the close-in control is finished.

N= {RZRN 6["1,1]s RE E[——l,l], RD =[—1’1]} (40)

It will be appreciated that the values shown in Eqg. (40) are exemplary only and that

other values may be used depending on the particular aircraft.

3. Home-in Control
[0074] After (40) is satisfied, the multi-modal controller is configured by switching
the flag from value 3 to 0 as shown in Table 5 and Fig. 9, such configuration indicating

that the mission trajectory p, is restored. This section presents the second phase of

mission restoration called home-in, which is designed for restoring the mission trajectory
tracking precision.
[0075] At the end of the close-in sub-mode, there is still an amount of tracking

error which is beyond the capability of the nominal tracking precision indicated by @y mom »

which is provided by desired tracking performance and reasonable system robustness.
In this case, the robustness of the system needs to be increased to guarantee the
system stability in order to accommodate the existing tracking error, then gradually
restore the desired tracking performance. In order to trade off between the tracking
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performance and the system robustness, the single-parameter adaptation law described
for the LOC prevention control mode is employed for the home-in sub-mode

o, =k, . i=1,234 ;=123
i o (41)

[0076] Based on the bandwidth adaptation philosophy shown in Fig. 13, a
bandwidth adaptation law is implemented to the nominal controller according to (41) for
a smooth transition to the nominal configuration. As shown in Fig. 13, the system
bandwidth of the 6DOF nominal controller is adapted by k, (), which is a moderate

value in (0,1) to ensure an adequate robustness and tracking performance for the close-

in sub-mode. Such bandwidth adaptation gain is also the initial value for time-varying

home-in gain &, ,,,..(4) =, (), where 4 indicates the moment that the system

configuration switches to the home-in sub-mode. During the home-in sub-mode, the
adaptation gain increases gradually in order to increase the tracking performance. Once

k.o (0) 18 INCreased to the value 1 at 1, the nominal mission is restored completely.

The system under the application of its tuned-up bandwidth for the trajectory tracking

mission.

H. Automatic Flight Management System (AFMS)

[0077] As previously mentioned, in one embodiment the invention provides an
Autonomous Flight Management System (AFMS). An exemplary AFMS scheme is
shown in Fig. 14. The AFMS may act as a supervisory control system which is capable
of decision making and coordination of the different control modes according to the flight
conditions of the aircraft. In other words, the supervisory control system is capable of
monitoring the flight states and flight events of the aircraft and determining which flight
control mode to activate or implement. The iLOCPR system is characterized by a set of
one or more of the aforementioned control modes under the supervisory control of the
AFMS.

[0078] Designed on the top level, the supervisory control AFMS has the switching
logic variable “flag” as one of its output, whose value is set according to the real-time
flight states and flight events. Each of the control modes corresponds to one flag value
in the hybrid system finite state machine and can be transitioned automatically from one
to another under specific conditions. Another output of the AFMS is the bandwidth
adaptation gain, which is designed for the bandwidth augmentation under the specific

control objectives for each mode. The bandwidth adaptation scheme is designed based
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on the PD-eigenvalue theory, where the bandwidth of the multiple-nested-loop system
can be adapted to make the tradeoff between the tracking performance and the system
robustness.
[0079] The design of the AFMS finite-state machine entails specifying on the
threshold boxes for the flight mode determination as illustrated in Fig. 15 and the state
transition predicates shown in Fig. 16 and Table 6.
1. Quantification
[0080] Since an upset is the direct consequence of aerodynamic attitude
exceedance of the normal flight envelope, the aerodynamic attitude is essential as a
LOC indicator. In addition, angular rates also constitute a LOC indicator, as they must
be kept within a certain range to prevent the wings and control surfaces from
unbalanced stall induced by abnormal airflow. Another indicator is the airspeed, as stall
will occur below the critical airspeed. Therefore, the vehicle safety can be described by
three sets of thresholds, which consist of the extremities of aerodynamic attitude,
angular rates, and airspeed as shown in Fig. 15. The “operation box” is defined by the
thresholds as

0, ={Aael-2,5), fe[-5,5], u =[~20°,20°]}

0, ={2: p,q,r € [-20deg/ sec,20deg/ sec]} (42)

Oy ={¥V, €1V, oV, I}

,8talt? " 7, max

where A=[a g 4] are the aerodynamic angles, i.e. angle-of-attack, sideslip and bank
angle respectively; @=[p ¢ r|" are the body-axis roll, pitch, yaw rotational rate; and v,

is the airspeed. The values shown in Eq. (42) are exemplary only and may be different
depending on the particular aircraft. The operation box bounds the healthy flight state
variables under the nominal mode. The “protection box” defines a buffer (hysteresis)
zone between the nominal and LOC arrest mode up to the maximum allowable flight

conditions as shown in Eq. (43) as

A

Aae0.6x[-5,15], e0.6x[-10°,107],
u =0.6x[-45°,45°]
P, ={Q: p,q,r € 0.6 x[-60deg/ sec, 60 deg/ sec]}

43
P, = {VI € 0.6><[V1,smanr,max ]} ( )

The values shown in Eq. (43) are exemplary only and may be different depending on
the particular aircraft. The “safety box” is defined by the extremities of aerodynamic
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angles, angular rates and airspeed given in Eq. (44) such that LOC will be declared

when any one of them is exceeded.

S, = {A ‘@ e[-5,15], fe[-10°,10°], u =[—45°,45°]}

S, ={Q: p,q,r e[-60deg/ sec, 60 deg/ sec]} (44)

Sy ={V, €V, Vs ]}
Itis noted that the specific values of aerodynamic angles, angular rates, and airspeed
used in Eq. (42-44) to define the flight conditions are exemplified here based on typical
wind-tunnel flight data and LOC studies. In addition, a small range (position error
between the target and the vehicle) box for the home-in sub-mode and a large range

box for the restoration mode are defined respectively

Rom ={R:JR2+R2+ B2 <1}
R ={R:1<JR:+ R+ R <50}
ot N E D (45)

Ripe = {R:\JRL + R2 4 R2 > 50}
In practice, these threshold boxes should be defined on a case-by-case basis for the
specific aircraft model and Fig. 15 simply provides a visual representation using 3D
boxes. The supervisory control logic variable is then determined by

A €0 AND Qe O, AND ¥, € O,AND range € R

AePR\O ANDQeP, \O, ANDV cP 0,

0
L
Nlag =1, AeS ORQgS, ORV, ¢S, (46)

3, ANDA €O, AND Q< 0, AND ¥, € O, ANDrange € R,

small

in which the sag =0value is set as long as the operation box defined in Eq. (42) is
satisfied. The corresponding state for siag = 0 is the nominal flight control mode. If any

flight condition exceeds the operation box, while all of the indicating flight conditions still
stay in the protection box defined in Eq. (43), slag =1, and the LOC prevention control

mode is engaged. If any of the flight conditions exceeds the safety box defined in Eq.
(44), f1ag = 2, which indicates the engagement of the LOC arrest control mode. When all

the flight conditions return to inside of the operation box in Eq. (42) and large position

error R, occurs by Eq. (45), flag=3 is set for the engagement of the nominal flight
restoration control mode. When the r_,, is recovered and all the flight states are within

the operation box, the nominal flight control mode is reset with flag 0.
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2. Mode Transition

[0081] The AFMS is designed as a Moore finite-state machine. The
interrelationships among each discrete mode are captured in the state transition

diagram in Fig. 16.

Table 6. Transition and Condition for Finite-State Machine.

Transition Condition

a Exceed the protection box.

b Inside the operation box, small
range error.

c Inside the safety box, large
range error.

d Exceed the safety box.

e Inside the operation box, large
range error.

f Exceed the safety box.

g Inside the operation box, small
range error.

Transition a: Nominal - Prevention

The nominal flight control mode (flag = 0) is the default mode when the system is
initialized. The LOC prevention control mode (flag = 1) will not be turned on until the
operation box is exceeded, while all states are inside the protection box, in which case
the transition a is made and the LOC prevention control mode is enabled.

Transition b: Prevention — Nominal

By applying the LOC prevention control mode, if the operation box is recovered and the
range loss (position tracking error) is small, the transition is triggered to enable the
nominal flight control mode.

Transition c: Prevention - Restoration
If the prevention process causes a large range loss, the transition ¢ is triggered to
enable the nominal flight restoration control mode.

Transition d: Prevention - Arrest

LOC is declared when the safety box is exceeded. Moreover, at that time, the transition

d is triggered to engage the LOC arrest control mode (flag = 2).
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Transition e: Arrest — Restoration

On the other hand, when the operation box is successfully recovered by the LOC arrest
control mode with a large range error, the transition e is made to trigger the nominal

flight restoration control mode (flag = 3).

Transition f: Restoration - Arrest

During the nominal flight restoration control mode, if the safety box is exceeded again,

the LOC arrest control mode is triggered by the transition f.

Transition g: Restoration — Nominal

After recovering the operation box, and range loss (position tracking error) is reduced by

the nominal flight restoration control mode to within the ®_,, given in Eq. (45), the

transition g is made. The nominal flight control mode is restored.

3. Multi-Modal Controller Integration

[0082] The multi-modal controller diagram is shown in Fig. 9. The nominal flight
control mode is designed to execute the mission trajectory-tracking task. The LOC
prevention control mode is designed by a bandwidth adaptation augmentation to the
nominal flight control mode to trade off tracking performance with increased stability
margin and robustness in the presence of LOC-prone flight conditions. In other words,
tracking performance is sacrificed in order to increase the capability of tolerance for
severe wind and other abnormalities in real time. The LOC arrest control mode is
designed to switch from the mission trajectory-tracking task to aerodynamic attitude
trajectory tracking task for LOC arrest in order to recover and maintain healthy flight
condition at the cost of temporarily abandoning the mission trajectory. In the nominal

flight restoration control mode, a guidance trajectory p_ is generated to direct the
vehicle back to the mission trajectory after the successful arrest of a LOC upset and
then restore the tracking performance.

[0083] Fig. 14 shows the multi-modal controller configuration under the AFMS
including the supervisory control slag value for configuring each control mode, the
bandwidth adaptation gain &, designed for each control mode, and Fig. 9 shows the
corresponding command trajectory, controller, feedback variables, and controller

outputs. The system configuration can also be described as shown in Table 7.
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Table 7. Multi-Modal Controller Configuration.
Mode Nominal Prevention Arrest Restoration
flag 0 1 2 3
k, 1 Ky prev Ky s L.
Trajectory Py Py A P
Controller Baseline Baseline Arrest Baseline
Feedback P_.V.. P_.V.. A2, P..V.,
Variable r..o._ r...Q. r_.Q.
Controller Aions G com Acon> G com . Acon >0 com
Output

4. Nominal Flight Control Mode Configuration

[0084] As shown in Table 7, the baseline TLC 6DOF controller is engaged to
achieve the mission trajectory tracking goal.

[0085] Regarding the supervisory control, the nominal flight control mode

corresponds to the supervisory control slag =0 and k, =1. The nominal flight control

mode aims to achieve the desired tracking performance with the tuned nominal
bandwidth parameters without the bandwidth adaptation.

[0086] With respect to baseline controller engagement, when the baseline
controller is engaged, the mission trajectory is selected to be the control objective under

nominal flight control mode by applying p r

com

=P, . The feedback statesp,

sen ?

V.

sen ?

Q. are

utilized to calculate the feedback stabilizing TLC gain matrices in real time. And the
corresponding command trajectories for the baseline controller are configured as

Vcom = Vncm +V,

ctrl *
Q = Qnoml + Qctrll 4 T

Ilew=T n+T

arl

Tm,mml + Tm,clrll (47)

com] m,com] =

where the command variables are obtained by adding the closed-loop Pl feedback

tracking error control with subscript “ctrl” to the nominal control with subscript “nom”

from dynamic pseudo-inversion. In this case, the controller outputs [A“’"” o] are
selected.

[0087] With respect to LOC arrest control mode disengagement, meanwhile, the
LOC arrest control mode is on standby by setting the aerodynamic attitude tracking
command and the ensuing body rate command equal to the sensed flight states as

Amm = Asen’ mez = Qsen (48)
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so that the integrators in the LOC arrest control mode are put on hold by setting zero

trackingerrorsas A_ =A_ -A,, =0, Q_,=Q_ -Q_,=0.

[0088] Regarding the initial value setting for the integrators in the controller, the
default controller mode is the nominal flight control mode. The initial values of the

integrators of the baseline controller p,,v,,.I,..,, and the LOC arrest control mode

A...Q.., are obtained by a trim flight condition.

5. LOC Prevention Control Mode Configuration
[0089] As shown in Table 7, the baseline controller is also employed for LOC
prevention control mode.

[0090] Regarding the supervisory control, the LOC prevention control mode is in

accordance with the supervisory control law as slag =1. The LOC prevention adaptation
law k(»),,., is applied to the baseline controller in order to a tradeoff between the

tracking performance and the system robustness.

[0091] With respect to baseline controller engagement, the baseline controller is
engaged. The mission trajectory, feedback states, command variables for each loop,
and the controller outputs are set to be the same as the ones for the nominal flight
control mode.

[0092] With respect to LOC arrest control mode disengagement, the LOC arrest
control mode remains on standby by Eq. (48).

[0093] Regarding the initial value setting for the integrators in the multi-modal
controller, in the LOC prevention control mode, all the state values for the integrators
are inherited from the nominal flight control mode. Integrators of the LOC arrest control
mode are storing the feedback states from the sensing system in preparation for a LOC.
6. LOC Arrest Control Mode Configuration

[0094] The baseline controller is disengaged for LOC arrest control mode, while
the LOC arrest control mode is armed.

[0095] Regarding the supervisory control, once LOC is detected, the supervisory
control is set as flag = 2. The bandwidth adaptation (), ,., is applied for different LOC
conditions.

[0096] With respect to baseline controller disengagement, the nominal flight

control mode is disarmed by the following setting

r,.=r_,. Q.-=0

Pc,om = Psen > Voom = Vscn > sen > com! sen (49)
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which implies that all the integrators in the nominal control feedback loop are frozen by
taking in zero tracking errors, since

P .=P_-P =0,V =V _-V =0

com

rcn' = Fsm —rwm = 0’ an’] = Qsen ‘Qmml = 0 (50)
[0097] With respect to LOC arrest control mode engagement, the LOC arrest
control mode is taking control of the system, in which a_ is the command for arresting

the LOC.

Aom = Ausir Qemy =Lonn Q.
com arst com + (51)
The control outputs [A,,, s, ,, ] are selected.
[0098] Regarding the initial value setting for the integrators in the controller, the

LOC arrest control mode is properly initialized by the sensed states of A, and @_ at

the switching time so that switching transient or instability caused by excessive inertial
tracking error is avoided.
7. Nominal Flight Restoration Control Mode Configuration

[0099] The baseline controller is engaged for nominal flight restoration control
mode.
[00100] Regarding the supervisory control, the nominal flight restoration control

mode corresponds to the supervisory control f1ag = 3. The bandwidth adaptation gain
k... (1) is applied to increase the tracking error tolerance capability.

[00101] With respect to baseline controller engagement, the baseline controller is

engaged. The mission trajectory is settop,__ = p_ . Otherwise, all feedback states,

command variables for each loop and the controller outputs are set to be the same as
the ones for the nominal mode design.

[00102] With respect to LOC arrest control mode disengagement, the arrest
controller is disarmed by satisfying the Eq. (48).

[00103] Regarding the initial value setting for the integrators in the controller, at
the restoration mode triggering moment when =« , which is also the end of the arrest,
even though the position command is setto p_, =P,_ , the internal states of the
controller are not consistent with those induced by p_, . Therefore, the velocity vector of
the restoration guidance trajectory p,, is initialized at v_ () to guide the velocity for 5s,
as shown in Eq. (36). This phase is called coast, which effectively avoids the throttle
saturation induced by excessive controller transient.
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8. State Equation and Controller State

[00104] Additional details of designing the multi-modal controller shown as in Fig.
9 can be found in the ‘966 patent in accordance with the value of the supervisory signal
flag.

[00105] Also, the state equations for the controller and the vehicle equation-of-
motions are summarized in Tables 8-10, in which the coefficient matrices of the pseudo-

differentiator is given as
03 I3 ] [ 03 ] .
iffi = iffi = = 1,2,34,5,
Adlff,l [A21,i Azz,i ’ Bdlff,l "A21,i )1 ,2,3,4,5,6
Ap; = diag[~0f yig:; —0F aimg; ~ 0] gsteis] (52)

Ag; = ciagl~Zamj0naitty; —20aehjOndiffi; —2Cdifij©On,dftis]

where i represents the loop number, and j represents the channel number.

Table 8. Baseline Controller State Equations.

Pcom Pnom = Pcom
b | o oot
P Gl p | A em
GON Vien =B (T o) Brom
P _P__P_
GOF Ver ==Kp P =K, [ P, (r)dr
Veom Vem = Viom + Ve
Voo > Vaon v v
ol
GIN Fro =M Vi = B, (Qu) Vi |
v Vo =V_-V_
GIF Fap =KV =Ky [ Vo, (7)dr
GAN Foon = /2 (Fyon)
GAC T oom = /2 (Fon)
Foon s Doom r r
o il
EON Q. =B (T ) oom
T r_-T._ T
EOF Q= Kl =Ky [ Ty (1)
Q Qo = F Q0
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Qnom > = nom Qnom Qnom
I ] !:Q ]] = A I:Q l}*‘ Biia Qoo
noml noml
EIN Tm,nom] = B;] [Qnoml -f;t (Qnoml ):|
Qen'l Qenl = Qscn ——Qmml
EIF T, o = —Kp Qe -K,, J; Q. (O')do'
Tm,ooml Tm,coml = Tm,noml + Tm,cull
EA Acom = ‘]—lTaﬂol

Table 9. LOC Arrest Control Mode State Equations.

A]'SU' Anom = AYS[{
Annm 4 Anom Amm Anom
Anom = Aygs Amm +Bygrs Ay
Aerr Am = Ascn _Arslr
AOF Q. =_KP6Am_K16£Am(r)dT
gme QmmZ = s2nom2 + Qctr}Z
Doy - Loy | [ 2} [9 2]
nom nom “Tnom2 | _ A i nom +B i Qnom
[Qnoml ane Qnom2 s 2
AIN Tm,nomZ = B;l [:Qnomz _-f:t (Qnom2 ):]
Szel'rZ Qa’rZ = Qsm - QcomZ
AlF T = ~Kp oy - Ky J:) Q. (0)do
Tm,comZ Tm,mmZ = Tm,nomz + Tm,clrlZ
AA Aarsl = J‘lTalloz

Table 10. Nominal Flight Restoration Control Mode State Equations.

P R
- p = arctan| —£-
Spherical Ry
coordinate R
o = —arcsin (———[—’-)
.
r=\R,+R, +R,}
Yer » Ver Ve 0 1 Oy, 0
= +
A RIS A P
Zeor > Xem
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CIOSe'ln Ko = Kp, Xt Kl, J:Zen (T)dT + KD: i/e"

Vow = Ky Yer # Ky, [ VoD 4K 7,
Vee =Ky (Vg +V, =V )+ K, r

P Xge =V, 1 COS Y COS Y

Vs =V e S0 Y €OS Y,

Zaer = ~Vt,rstr SIN Yo,

The initial values of all the dynamic states (integrators) used in the controller design are

summarized in Table 11.

Table 11. Integrator Initial Value Setting.

Nominal | Prevention | Arrest | Restoration
State
t=0 t=t, t=t, =1,
P, Viin P,.(,) vV, (t,) Vo ()
l)nom Ptrim Pnom (tp ) l)scn (ta ) Pscn (tr )
P, 0 [P 0 0
Vnom Ab,trim Vnom (tp ) Ab,sen (tu ) Ab,scn (tr )
Vnom V!rim Vnom (tp ) Vsen (ta ) Vscn (tr )
Ve 0 [v.@ 0 0
lL‘ncm gtrim I.ﬂnom(tp) Qsm (ta) Qscn (tr)
nom l_‘trim rnom (tp ) rsm (ta ) FSen (t,- )
r, 0 [r.o 0 0
s:zmml ®m'm Qnoml (tp ) ®sm (ta ) G)w,sm (tr)
Qnoml erim Qnoml (tp ) Qsm (ta ) gsm (tr )
Q. 0 [e.m 0 0
Anom O Anom (tp) O 0
nom Asen (0) Auom (tp ) Aarst (ta) Ascn (tr )
A 0 [ Aa® 0 0
QnomZ O QnomZ (tp) ®arsl (ta) Gm,sm (tr)
Qnomz 0 Qnomz(tp) Qam (ta) Qsmz(t,-)
an’Z 0 .El’ sz (T) O O
p - 0 0 [ Zelo)d _[ Ko (7)
Y 0 0 [re@ | [ra0
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Vi Viim Via(2,) Ve (1) Ve (1,)
P (tl’ ) Pssn (ta ) Psen (tr )

rstr trim sen

[00106] It will be appreciated that each of the modes described herein may be
used independently or together in any combination as part of a flight management
system. For example, the LOC prevention control, LOC arrest control, and nominal flight
restoration control modes may be incorporated into a flight management system having
a different baseline controller than the modified TLC 6DOF controller described herein.
In another embodiment, the flight management system may not include a nominal flight
restoration control mode and may instead rely on the pilot to restore the aircraft to its
intended flight path.

[00107] While the present invention has been illustrated by the description of one
or more embodiments thereof, and while the embodiments have been described in
considerable detail, they are not intended to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and modifications will readily
appear to those skilled in the art. The invention in its broader aspects is therefore not
limited to the specific details, representative apparatus and method and illustrative
examples shown and described. Accordingly, departures may be made from such

details without departing from the scope or spirit of the general inventive concept.

WHAT IS CLAIMED IS:
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1. An integrated loss-of-control prevention and recovery automatic control
system of a fixed-wing aircraft comprising:
a plurality of flight control modes, including:
a nominal flight control mode;
a loss-of-control prevention control mode;
a loss-of-control arrest control mode; and
a nominal flight restoration control mode; and
a supervisory control system capable of monitoring the flight states and

flight events of the aircraft and determining which flight control mode to activate.

2. The control system of claim 1, wherein the nominal flight control mode is
defined by a six degree-of-freedom trajectory tracking controller with the wind-triangle
and the post-stall aerodynamic characteristics in the calculation of the aerodynamic
forces, and the time-varying parallel differential eigenvalues implemented in the

feedback control gain matrices per Egs. (9)-(11).

3. The control system of claim 1, wherein the loss-of-control prevention
control mode includes a bandwidth adaptation to the nominal flight control mode to

prevent a loss of control of the aircraft.

4, The control system of claim 3, wherein the loss-of control prevention
control mode employs time-varying parallel differential eigenvalues to sacrifice tracking
performance to increase capability of tolerance for severe wind and other abnormalities

in real-time.
5. The control system of claim 1, wherein the loss-of-control prevention
control mode augments the six degree-of-freedom trajectory tracking controller in the

nominal flight control mode via the gain matrices per Egs. (9)-(11).

6. The control system of claim 1, wherein the loss-of-control arrest control

mode includes a full throttle control during an arrest phase.
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7. The control system of claim 1, wherein the loss-of-control arrest control
mode includes a commanded aerodynamic attitude determined by a level and straight

flight trim value of angle-of-attack and zero sideslip and bank angles.

8. The control system of claim 7, wherein the loss-of-control arrest control
mode tracks the commanded aerodynamic profile via inner and outer aerodynamic

attitude loops.

9. The control system of claim 1, wherein the restoration mode includes a
close-in sub-mode for guiding the aircraft to catch up with a target position dictated by a
mission trajectory and a home-in sub-mode for restoring the mission trajectory of the

aircraft.

10. The control system of claim 9, wherein the close-in sub-mode is defined
by a guidance approach wherein a velocity vector of the aircraft is aligned to a line-of-
sight vector of the aircraft using proportional-integral-derivative linear regulation in an

Earth reference frame.

11. The control system of claim 9, wherein the home-in sub-mode includes a
bandwidth adaptation for gradually regaining tracking performance of the aircraft and

restoring the mission trajectory of the aircraft.

12. The control system of claim 1, wherein the supervisory control system
includes a supervisory control logic variable having a value set according to flight states

and flight events of the aircraft, and determining which flight control mode to activate..

13. The control system of claim 12, wherein the supervisory control logic
variable is set to a value corresponding to the nominal flight control mode when a
predetermined set of flight states of the aircraft are each within a predetermined set of

operation thresholds.
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14. The control system of claim 12, wherein the supervisory control logic
variable is set to a value corresponding to the loss-of-control prevention control mode
when at least one the flight states of the aircraft is within a predetermined set of

protection thresholds.

15. The control system of claim 12, wherein the supervisory control logic
variable is set to a value corresponding to the loss-of-control arrest control mode when
at least one the flight states of the aircraft exceeds a predetermined set of safety

thresholds.

16. The control system of claim 12, wherein the supervisory control logic
variable is set to a value corresponding to the nominal flight restoration control mode
when a predetermined set of flight states of the aircraft are each within a predetermined
set of operation thresholds and a position error between the aircraft and a target

position exceeds a range threshold.

17. A method of preventing loss-of-control of a fixed-wing aircraft having an
automatic control system, comprising:

monitoring a plurality of flight states of the aircraft;

engaging a nominal flight control mode of the automatic control system
when a predetermined set of flight states of the aircraft are each within a predetermined
set of operation thresholds;

engaging a prevention mode of the automatic control system when at least
one the flight states of the aircraft is within a predetermined set of protection thresholds;
and

engaging a loss-of-control arrest mode of the automatic control system
when at least one the flight states of the aircraft exceeds a predetermined set of safety

thresholds.

18. The method of claim 17, further comprising:

engaging a restoration mode of the automatic control system when a
predetermined set of flight states of the aircraft are each within a predetermined set of
operation thresholds and a position error between the aircraft and a target position

exceeds a range threshold.
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19. An integrated loss-of-control prevention and recovery automatic control
system of a fixed-wing aircraft comprising:
a plurality of flight control modes, including:
a nominal flight control mode; and
a loss-of-control prevention control mode; and
a supervisory control system capable of monitoring the flight states and

flight events of the aircraft and determining which flight control mode to activate.

20. An integrated loss-of-control prevention and recovery automatic control
system of a fixed-wing aircraft comprising:
a plurality of flight control modes, including:
a nominal flight control mode; and
a loss-of-control arrest control mode; and
a supervisory control system capable of monitoring the flight states and

flight events of the aircraft and determining which flight control mode to activate.

21. A restoration mode for afixed-wing aircraft, comprising:

a close-in sub-mode for guiding the aircraft to catch up with a target
position, wherein the close-in sub-mode is defined by a guidance approach wherein a
velocity vector of the aircraft is aligned to a line-of-sight vector of the aircraft using
proportional-integral-derivative linear regulation in an Earth reference frame; and

a home-in sub-mode for restoring a mission of the aircraft, wherein the
home-in sub-mode includes a bandwidth adaptation for gradually regaining tracking

performance of the aircraft and restoring the mission trajectory of the aircraft.
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