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This paper presents a recent study to investigate flight dynamics and adaptive control methods for stability and

control recovery of a damaged generic transport aircraft. Aerodynamic modeling of damage effects is performed
using an aerodynamic code to assess changes in the stability and control derivatives of the damaged aircraft. Flight
dynamics for a general aircraft are developed to account for changes in aerodynamics, mass properties, and the
center of gravity that can compromise the stability of the damaged aircraft. An iterative trim analysis is developed to
compute incremental trim states. A neural network hybrid direct-indirect adaptive flight control is developed for the
stability augmentation control of the damaged aircraft. The proposed method performs an online estimation of
damaged plant dynamics to improve the command tracking performance in conjunction with a direct adaptive
controller. The plant estimation is based on two approaches: 1) an indirect adaptive law derived from the Lyapunov
stability theory to ensure that the tracking error is bounded, and 2) a recursive least-squares method that minimizes
the modeling error. Simulations show that the hybrid adaptive controller can provide a significant improvement in
the tracking performance over a direct adaptive controller working alone.

Nomenclature 0 = dynamic pressure
A = state matrix for tracking error Q = semipositive-definite matrix
B = control matrix for tracking error R = positive-definite matrix
b = wing span r = position vector
C = aerodynamic coefficient matrix, neural s = reference wing area
network basis functions r = engine thrust ) )
C,,Cp, Cy lift, drag, and side force coefficients u, v, w = axial, lateral, and vertical velocity
c¢.C,,C, = roll, pitch, and yaw moment coefficients components .
¢ = mean aerodynamic chord u,, Uy = pseudocontrol, command augmentation
e = tracking error control
F = force vector v = Vel()?lt}{ vector
F,F, = state matrices for angular rates and trim states w = gravitational force vector, neural network
G = control matrix for flight control surfaces weight matrix .
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H = angular momentum vector X05 Y0» 20 = Coordmates of reference point
I = inertia scalar XeYes Ze = coordinates of center of engine thrust
1 = inertia matrix a, B,y = attack, sideslip, and flight path angles
J = cost function B = neural network basis function
K = gain matrix r,r = lgarning rate, learning rate vector
LV = Lyapunov candidate functions A = difference operator
L,M,N = roll, pitch, and yaw moments A = error bound )
m = mmass 1) = control surface deflection vector
P = Lyapunov matrix 845605 6, = aileron, elevator, and rudder deflection
P g, r = roll, pitch, and yaw rates 87, Sar = engine throttle and differential throttle
positions
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W,, W,y O = reference-model roll, pitch, and yaw

J2d q’ r
frequencies

I. Introduction

VIATION safety research is concerned with many aspects of

safe and reliable operation of today’s modern aircraft. Although
air travel remains the safest mode of transportation, accidents do
occur on rare occasions, which serve as reminders that much work
still remains to be done in aviation safety research. American Airlines
Flight 587 illustrates the reality of hazards due to structural failures of
airframe components that can cause a catastrophic loss of control [1].
Not all structural damages, however, result in a loss of control. The
World War II aviation history is filled with many stories of aircraft
coming back home safely despite suffering major structural damage
to their airframes. An incident involving an Airbus A300-B4 cargo
aircraft in 2003 over Baghdad, Iraq further illustrates the ability to
maintain controlled flight in the presence of structural damage and
hydraulic loss [2]. The Sioux City, Iowa accident involving United
Airlines Flight 232 demonstrates that, in certain situations, a limited
control authority can be achieved by using the propulsion system to
actively control a damaged aircraft [3]. This accident gave an
impetus to the propulsion controlled aircraft (PCA) research at
NASA [4].

In a damage scenario, some part of a lifting surface may become
separated and, as a result, may cause an aircraft’s center of gravity
(c.g.) to shift unexpectedly. Furthermore, changes in stability and
control derivatives associated with changes in aerodynamic
characteristics can render a damaged aircraft unstable. Con-
sequently, these effects can lead to a nonequilibrium flight that can
adversely affect the ability of a flight control system to maintain
aircraft stability. In other instances, reduced structural rigidity of a
damaged airframe may manifest in elastic motions that can interfere
with a flight control system, and potentially can result in excessive
structural loading on critical lifting surfaces. Thus, in a highly
dynamic, off-nominal flight environment with many sources of
uncertainty caused by damage, a flight control system must be able to
cope with complex and uncertain aircraft dynamics.

Numerous effects may be present during a damage situation that
can overwhelm a pilot’s ability to control an aircraft safety. These
effects may include aerodynamic changes, structural degradation,
engine damage, reduced flight control effectiveness, the pilot’s lack
of situational awareness, and others. For example, a structurally
impaired aircraft may exhibit unknown aeroservoelastic behaviors
that can be difficult to control. Thus, to develop effective adaptive
flight control technologies that can be used to retrofit or design a
flight control system, an integrated approach is needed that takes into
account various interactions among different physical effects, such
as aircraft dynamics, airframe structures, engine performance, and
flight control actuator dynamics. Research in damage adaptive flight
control, therefore, will require various technical disciplines that
include physics-based modeling, adaptive flight control, flight
planning, and adaptive system verification and validation [35].

Physics-based modeling provides a simulation capability for
predicting dynamics of a damaged aircraft and for evaluating
adaptive flight control methods. Analytical tools such as
computational fluid dynamics, finite element modeling for structural
dynamics, flight dynamics, and others will be used to develop this
modeling capability. Adaptive flight control is a critical technology
that enables a damaged aircraft to maintain stability and
maneuverability. Current research in neural network adaptive flight
control provides a possibility for developing an effective adaptive
flight control system that can adapt to changes in the vehicle stability
and control characteristics [6]. Emergency flight planning and
postdamage landing technologies are needed to aid a pilot in
identifying a suitable landing site, generating in real-time a feasible
flight plan within a reduced flight envelope, and ultimately executing
a safe landing [7]. Although adaptive flight control has been
rigorously investigated, it has not been universally adopted in the
aviation industry due to a number of issues associated with
verification and validation of adaptive flight control systems.

Learning rules for adaptive systems based on the Lyapunov method
must be guaranteed to be globally stable under all flight conditions
with exogenous disturbances such as turbulence and wind shear.
Safety-critical flight software certification through verification and
validation of adaptive flight control systems poses a major hurdle that
needs further research in the future [8].

This paper focuses on the flight dynamics and adaptive control of a
damaged aircraft. The type of damage herein is confined primarily to
changes in the aerodynamic configuration of the vehicle brought
about by various modes of damage to acrodynamic and flight control
surfaces. A flight dynamic model for a generic damaged aircraft is
developed to account for various damage scenarios that result in
changes to aerodynamics and mass properties. A trim analysis is
developed to provide a rapid estimation of new trim states to maintain
steady-state flight conditions. Damage adaptive flight control
methods are developed to enable a damaged aircraft to maintain
stability and command tracking performance. Recent advances in
direct adaptive flight control using neural networks provide a
foundation for much of this research [9—14]. A hybrid direct—indirect
adaptive control method is proposed to extend the current capability
of the neural network adaptive flight control. The hybrid adaptive
control includes an indirect adaptive law that performs an online
estimation of plant dynamics of a damaged aircraft. The stability of
this indirect adaptive law is established by the Lyapunov stability
theory. An alternative approach is also presented, whereby a
recursive least-squares method is used in the plant identification
process.

II. Damage Aerodynamic Modeling

A notional twin-engine transport-class aircraft defined by NASA
Langley Research Center is used for the study [15]. Figure 1
illustrates this notional aircraft, referred to as a generic transport
model (GTM). Understanding the aircraft aerodynamic character-
istics during a damage event is critical to developing flight control
strategies for a damaged aircraft. Toward that end, aerodynamic
modeling is performed using a vortex-lattice code developed at
NASA Ames Research Center [16] to estimate the aerodynamic
coefficients, and the stability and control derivatives of the damaged
GTM for various damage configurations. Aerodynamic character-
istics of the damaged GTM are then incorporated into the flight
dynamic modeling that will be used to develop adaptive flight control
strategies. The damage effects are modeled for separation and
penetration damage to lifting surfaces (see Fig. 1). Wing separation
damage represents one of the critical modes of damage that is a
current focus of this research. Past accidents involving wing
separation damage include Pan Am Flight 843 in 1965 that
successfully landed and, most recently, Brazil’s Gol Flight 1907 in
2006 that was destroyed by in-flight breakup and impact forces due to
a midair collision with an Embraer Legacy 600 business jet.

A left wing separation damage can cause a significant loss in the
lift capability for the damaged GTM, as shown in Fig. 2. The lift
coefficient can be reduced by as much as 25% for a 50% wing loss at
a = 12degand B = 0deg. The resulting changes in the lift and pitch
moment coefficients can cause the aircraft to be out of trim and thus

Fig. 1 Generic transport model.
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Fig. 3 Control derivatives due to left wing separation damage at « =
12deg and 8 = 0 deg.

can adversely affect a flight control system in maintaining a desired
airspeed and altitude, unless there is sufficient control power to
retrim the aircraft in the pitch axis. In addition, a significant side force
and yawing moment can develop without any aileron or rudder input
as seen in Fig. 2. Because the longitudinal and lateral motions of the
damaged aircraft are coupled together, the damaged aircraft must be
retrimmed in all three stability axes simultaneously to maintain a
stable flight.

The wing separation damage changes the lift and pitching moment
variations caused by the aileron deflections, as shown in Fig. 3. The
side force and yawing moment variations with respect to the elevator
deflections are negligible, as expected. The abrupt changes in the lift
and pitching moment control derivatives are due to a total loss of one
of the ailerons for a wing loss that exceeds 25% of the wing span. The
consequence of this is that the damaged aircraft would exhibit a
pitch-roll coupling. To perform a roll maneuver, the flight control
system must compensate for the unwanted pitch motion with the
elevators. Similarly, to perform a pitch maneuver, the unwanted roll
motion must be compensated for with the ailerons. In light of this,
any adaptive flight control strategy must be able to effectively deal
with this cross-coupling effect.

III. Flight Dynamics of Damaged Aircraft

An aircraft may develop symmetric damage that causes the c.g. to
move in the plane of symmetry or asymmetric damage that causes the
c.g. to shift laterally. The movement of the c.g. can compromise the
stability of an aircraft. In addition, changes in aerodynamics and

Fig. 4 Center of gravity shift relative to reference point O.

mass properties can also result in a stability problem for a damaged
aircraft. The motion of a damaged aircraft, therefore, must be
understood to evaluate any flight control design. To this end, we
consider an aircraft with a c.g. offset from some reference location, as
shown in Fig. 4. The reference location is a fixed point located at the
coordinate (xy, ¥y, zp) on the aircraft, which may be taken as the
original c.g. of the undamaged aircraft to maintain the same
coordinate reference frame for computing aerodynamic moments.
The c.g. of the damaged aircraft can move relative to this fixed
reference point.

The damage effect resulting from a left-wing separation damage
creates a larger c.g. shift in the lateral direction than in the other two
directions, as shown in Fig. 5. This lateral c.g. shift affects the lateral-
directional control of the damaged aircraft, more so than the pitch
control, due to an additional rolling moment that the flight control
system has to compensate for with the available control power.

A. Linear Acceleration

To understand the effect of the c.g. shift, the standard equations of
motion for flight dynamics of an aircraft must be modified to allow
for this effect. Assuming a flat-earth model for a rigid body aircraft,
the force vector in the body-fixed reference frame of the aircraft is

ngg(mv—}—mwar)—W 1)

where W = mg[—sinf cosfsing cosfcos¢]” is the gravita-
tional force vector, @ =[p ¢ r]” is the aircraft angular rate
vector,and Ar =[Ax Ay Az]" is the displacement vector from
the c.g. to the reference location.

The aircraft mass is assumed to undergo a change so that

m=m*+ Am 2)
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Fig. 5 Center of gravity shift due to left wing separation damage.
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where m* is the original mass of the aircraft and Am is the negative
mass change due to damage.
The force vector then becomes

Fp=mv+ mo x Ar + mo X Ar + Am(v + @ x Ar) — W
3)

where the terms Ar and A are due to instantaneous changes in the
c.g. position and mass, respectively.

If the aircraft experiences a sudden mass loss due to damage, the
A¥ and Am terms represent an impulsive force over a short time
interval that can be significant and therefore need to be accounted for
in simulations. For postdamage flight dynamics, however, the effect
of time-varying mass and c.g. position is considered to be small and
thus might be neglected. In this study, we are concerned with
postdamage flight dynamics and control strategies for a damaged
aircraft, and so the effects of sudden changes in the c.g. position and
mass are ignored.

Neglecting the impulsive force terms, Eq. (3) is transformed from
the body-fixed reference frame to the inertial reference frame as

F =F; + mow X (v+ @ X Ar) (€))]

Expanding Eq. (4) gives
X=mli—rv+qw—(¢> + r)Ax + (pg — I)Ay
+ (¢ + pr)Az + gsinf] ®)

Y =m[v+ ru— pw + (pq + 1) Ax — (p* + r?) Ay
+ (gr — p)Az — g cos Osin @] (6)

Z=m[w — qu+ pv+ (pr—q)Ax + (gr + p)Ay
—(P* +¢*)Az— gcosOcos ¢] 7

The angular acceleration terms appearing in Eqs. (5-7) are a result
of the c.g. shift. Thus, the linear acceleration is coupled with the
angular acceleration when the c.g. is shifted away from the fixed
reference location.

B. Angular Acceleration

We consider the angular momentum vector in the body-fixed
reference frame

HB:/[rx(wxr)]dm+/(rxv)dm 8)

Expanding this expression yields
H; =1w + mArxv ®

where I is the inertia matrix with respect to the body-fixed reference
frame at the reference location, which can also be expressed as the
sum of the original inertia matrix I* and the change in the inertia
matrix AT due to damage

I =1"+ Al (10)

The time rate of change in the angular momentum gives rise to the
following moment equation in the inertial reference frame

dH . .
M= dlB—i—w><HB=Ia')—|—AIw+mArxif—|—mAr
XV+ AmAr X v+ @ X lo + mo X (Ar x v) a1

Neglecting terms due to time-varying mass, inertia, and c.g.
position, Eq. (11) can be expanded into the following moment
equations:

L= )c)cl.7 - ]xyq. - Ixzi + [xypr - Ixzpq + (IZZ - I}'y)qr
+1,.(* = ¢*) + m(qu + rw) Ax + m(b — qu) Ay
—m(0 + ru)Az (12)

M=— xyl} + Iyyq - ]yz': + [yzpq - Ixyqr + (Ixx - Izz)pr
+ I.(p* — ) — m(w + pv)Ax + m(pu + rw)Ay
+ m(i — rv)Az (13)

N = _Ile.j - I)'zq + Izzi +1 4r — Iyzpr + (Iyy - Ixx)pq
+ 1, (q* = p?) + m(V — pw)Ax — m(ii + qw) Ay
+ m(pu + quv)Az (14)

Equations (12-14) indicate that the c.g. offset effectively creates
additional moments for which a flight control system has to
compensate.

C. Aerodynamic and Propulsive Forces and Moments

Assuming that the engine thrust vector is aligned with the x axis of
the aircraft, then the forces and moments due to aerodynamics and
the propulsion are

X =6;Tma + (C; + AC, )OS sinx
—(Cj + ACp)QScosacos B (15)

Y = (Cj + ACy)QS — (Cj + ACy)QSsin . (16)

Z =—(C; + AC,)QS cosa — (Cy + ACp)QSsinacos B (17)
L= (C; + AC))QSb (18)

M = (C: + AC,) QST + 8; T (20 — 20) (19)

N = (CZ + ACn)QSb + (SATTmaxye + 5TTmaxyO (20)

where (x,, £y,, z,) are the centers of the right (4) and left (—) engine
thrust vectors, and the superscript * denotes the force and moment
coefficients for the undamaged aircraft evaluated at the reference
location.

We assume that the left and right engines produce a combined
maximum thrust equal to 7, and are symmetrically positioned with
respect to the aircraft fuselage reference line. Then &;, where
0 < §; =< 1, is the throttle position corresponding to a desired total
engine thrust, and §,7, where —1/2 < §,; < 1/2, is the throttle
differential position that results in a desired engine differential thrust
equal to the left engine thrust minus the right engine thrust. The
incremental changes in the aerodynamic coefficients due to damage
are defined as

AC = AC;+ AC,a + ACyB + ACsé + AC, 0 21
where

AC
=[C,-C] Cp—=C}, Cy=Cy C=Cf C,—C, C,—CI

§=1[8, &, &,] istheflight control surface deflection vector, the
subscripts «, 8, §, and @ denote the derivatives, and the subscript
zero denotes the coefficients at « = 0 and 8 = 0.

Thelast term in Eq. (21) is the damping term due to the angular rate
of the aircraft. This term can significantly affect the aircraft short-
period and dutch roll modes.
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IV. Trim Analysis

The aerodynamic forces on an asymmetric aircraft due to a lateral
c.g. shiftinclude a nonzero side force component that is generally not
experienced on a symmetric aircraft. For a steady flight, the side force
equation becomes

mg cos Osing + (C5 + ACy)QS — (Ch + AC,)QSsin B =0
(22)

The side force equilibrium for an asymmetric aircraft can be
accomplished by trimming the aircraft at a nonzero bank angle ¢ with
a zero sideslip angle 8. However, this would result in a limitation in
the bank angle in coordinated turn maneuvers. Another side force
trim approach is to trim the aircraft level with a zero bank angle ¢ but
at anonzero sideslip angle . In either case, the aircraft would have to
be trimmed in both the longitudinal and lateral directions
simultaneously by searching for the steady-state solution of
Eqgs. (15-17) with ¢ = 0 or B = 0. The trim analysis thus computes
the trim values for the angle of attack o, bank angle ¢, or sideslip
angle B, and engine throttle position 8, as functions of the aileron
deflection §,, elevator deflection §,, and rudder deflection §, for a
given aircraft Mach number and altitude. We assume that the engine
thrusts will be symmetric at all times so that §, = 0.

If an undamaged aircraft has a mass m* and is flying wing-level,
i.e., * = 0, with no control input at the original trim angle of attack
a*, sideslip angle B* = 0, and trim throttle position §; corresponding
to alift coefficient C7, drag coefficient Cj;, and side force coefficient
C3 = 0, then for small changes in the aircraft mass and aerodynamic
coefficients, we can determine the incremental trim angle of attack,
bank angle, and throttle position to maintain approximately the same
trim airspeed V and flight path angle y*, by taking small but finite
differences of Eqs. (15-17) and setting them to zero as follows:

A8; T + (AC, + CpgAa + CpyAB + Cp 58)0S sina*
+ (Cp + Croha+ Cp gAB + Cp 586)0S cosa*Aa
—(ACp + CpyAa+ CpgAB + Cpsd)OScosa*
+ (Cp + CpyAa+ Cp g AB + Cps6)OSsina* Aa
—mgcos(y* + a*)Aa — Amgsin(y* + a*) =0 (23)

(ACy + Cy Aa + Cy,ﬂAﬂ + Cys8)0S — (Cp + Cp A
+ CppAB + Cps8)QSAB + mglcos(y™ + o)
—sin(y* + o*) Aa]A¢p =0 24)

—(AC, + CpyAa+ CpgAB + Cp 58)QS cosa*
+(Cp + CpoAa+ Cp gAB + Cp 58)OS sina* A
—(ACp + CpyAa+ CpgAB + Cps8) QS sina™
—(Cp + CpAa+ CpgAB + Cps8)QScosa*Aa
— mgsin(y* + o«*)Aa + Amgcos(y* + a*) =0 (25)

To find the trim bank angle at a zero sideslip angle, we set A = 0
in the preceding equations. Equation (25), then, is a quadratic
equation in terms of Ao whose solution can easily be computed as

b b\? ¢
Ao =—— —) —= 26
* 2a + (Za) a (26)
with
a=(Cpgsina* —Cp,cosa*)0S 27

b=[(CL+ CLs6 —Cp,)sina” — (Cp + Cp ;8
+ Cp,)cosa*]QS — mg sin(y* + o*) (28)

¢ =—[(AC, + Cp 48) cosa™ 4+ (ACp + Cp 56) sina*]QS
+ Amgcos(y* + a*) 29)

From Eq. (24), we now find the trim bank angle

Ag = —(ACy + Cy,Ac + Cy56)0S

~ mglcos(y* + a*) — sin(y* + a*)Ad] 30)

Finally, the incremental trim throttle position can be solved
directly from Eq. (23).

Trimming the damaged aircraft with the bank angle will result in a
reduced bank angle limit. This would potentially affect the aircraft’s
turn capability. Moreover, the aircraft will not fly wings level, which
would not be acceptable for a landing approach. Therefore, the
damaged aircraft can be trimmed alternatively with the sideslip
angle. This will enable the aircraft to maintain a level flight, but the
control authority of the rudder control surface will be reduced
because it has to compensate for the nonzero sideslip angle. To obtain
the trim sideslip angle, we set A¢ = 01in Eq. (24) and solve Egs. (23—
25) simultaneously for Ad;, Ax, and A¢ or AB.

In examining Eq. (24) with A¢ =0, it is noted that if the
undamaged aircraft is in a cruise phase at a minimum drag, then the
trim sideslip angle for the damaged aircraft could be large if the
damage develops a significant side force. Typically, it is not
advisable to fly the aircraft at a high sideslip angle because of stability
concerns. Depending on the extent of damage, an effective trim
approach may be one that uses a combination of the trim bank angle
and sideslip angle.

The trim analysis shows that the damaged aircraft would have to
be retrimmed with a new trim angle of attack o = o* + A«, bank
angle ¢ = A¢, or sideslip angle § = ApB, and throttle position
dr = &4 + Adr, to achieve an equilibrium flight. The trim «, ¢, or §,
and §; are all functions of the flight control surface deflection § as
well as the aircraft damage configuration. In general, the stability and
control derivatives needed to retrim the damaged aircraft are not
known. Assuming that the effect of damage on the aerodynamics can
be estimated, a trim calculation strategy is to initially retrim the
damaged aircraft with a zero control surface deflection by setting
§ = 0 in Egs. (23-25). Then, using the inner-loop rate-command-
attitude-hold (RCAH) control, new control surface deflections for
the damaged aircraft can be obtained. This allows the trim values to
be recomputed until the final trim state is obtained.

V. Damage Adaptive Flight Control

Most conventional flight control systems use extensive gain-
scheduling to achieve desired handling qualities. Although this
approach has proven to be very successful, the development process
can be expensive and often results in aircraft-specific implementa-
tions. Over the past several years, various adaptive flight control
techniques have been investigated [9-14,17-19]. A damaged aircraft
can pose a significant challenge to a conventional flight control
system because the damaged aircraft dynamics may deviate from its
design characteristics substantially, thereby causing a degraded
performance of the flight control system. This makes it difficult for a
conventional flight control system to cope with changes in the
stability and control characteristics of the damaged aircraft. Adaptive
flight control provides a possibility for maintaining the stability of a
damaged aircraft by being able to adapt to system uncertainties.
Research in adaptive control has spanned several decades, but
challenges in obtaining robustness in the presence of unmodeled
dynamics, parameter uncertainties, and disturbances, as well as the
ongoing concerns with verification and validation, still remain [17].
Adaptive control laws may be divided into direct and indirect
approaches. Indirect adaptive control methods are based on
identification of unknown plant parameters and certainty-
equivalence control schemes derived from the parameter estimates
which are assumed to be their true values [20]. Parameter
identification techniques, such as recursive least-squares and neural
networks, have been used in indirect adaptive control methods [18].
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In contrast, direct adaptive control methods directly adjust control
parameters to account for system uncertainties without identifying
unknown plant parameters explicitly. In recent years, model-
reference direct adaptive control using neural networks has been a
topic of great research interest [10—14,19]. In particular, Rysdyk and
Calise described a method for augmenting acceleration commands
via a neural network direct adaptive control law to improve handling
qualities [10]. Johnson et al. introduced a pseudocontrol hedging
approach for dealing with control input characteristics such as
actuator saturation, rate limit, and linear input dynamics [19]. Idan
et al. studied a hierarchical neural network adaptive control using
secondary actuators such as engine propulsion to accommodate for
failures of primary actuators [12]. Hovakimyan et al. developed an
output feedback adaptive control to address parametric uncertainty
and unmodeled dynamics [14]. Lyapunov stability theory is an
indispensable tool which has been used to establish stable and robust
adaptive laws for these adaptive control methods.

In the current research, we first adopt the work by Rysdyk and
Calise [10] to develop a neural network direct adaptive flight control
with a dynamic inversion controller for a damaged aircraft. The
adaptive flight control is able to provide consistent handling qualities
without requiring extensive gain-scheduling or explicit system
identification of the damaged aircraft dynamics. This particular
architecture uses pretrained and online learning neural networks and
a reference model to specify desired handling qualities. Pretrained
neural networks are used to provide estimates of aerodynamic
stability and control characteristics required for the model inversion.
Online learning neural networks are used to compensate for errors
and adapt to changes in the aircraft dynamics. As a result, consistent
handling qualities may be achieved across flight conditions and for
different damage configurations. An architecture of the neural
network direct adaptive flight control is shown in Fig. 6. We will
extend this architecture to include an indirect adaptive control
approach that provides an online estimation of the true plant
dynamics. The estimation of the damaged plant dynamics is provided
by an indirect adaptive law based on the Lyapunov stability analysis.
As an alternate approach, we also consider a recursive least-squares
method for performing the online estimation.

A. Linearized Plant Dynamics

First, we need to arrive at a set of small perturbation equations in
terms of the angular accelerations for designing a feedback
linearization control. To maintain a desired airspeed and altitude, the
damaged aircraft has to be retrimmed using the aforementioned trim
method. The damaged aircraft stability must be augmented by the
RCAH controller. This results in control surface deflections
necessary to maintain a desired angular rate command. Toward that
end, we eliminate the linear accelerations from Eqgs. (12-14) by
combining them with Eqs. (5-7). The resulting nonlinear equations
in terms of the angular accelerations are

I_xxl.’ - I_xyq' - I_vr + I_xypr - I_xzpq + (I_zz - I_yy)qr
+1,.(r* — ¢*) + m(qv + rw) Ax — mpvAy — mpwAz
= (C; + AC,))0Sb 31)

I_x)'qr + ([_xx - I_Zz)pr
+ 1, (p* — 1) — mquAx + m(pu + rw)Ay — mqwAz

_I,\'yl.7 +Iyyq'_]yzi’+ Iyzpq -

= (C}, + AC,) 0S¢ + 87 Tpax (20 — 20) 32)
“.)m
w, N Iy
= s+nwn “mofe Kp + % ue_ - ! 9 Aircraft -9
Uqd A

)M/ w,0,d

Fig. 6 Direct neural network adaptive flight control architecture.

- I_lea - I_yzq' + 1_771‘ + I_xzqr - I_yzpr + (I_yy - I_xx)pq
+ 1,,(q* — p*) — mrulx — mrvAy + m(pu + qu)Az

= (C; + AC,)QSb + 87 Tar¥o (33)
with
- Ay
A A T
C,=AC + C b -C, b
A
— B (cos 6 cos ¢— —cosfsing bz) 34)
AC, = AC, — C, 5+C.Ax
+@(cosecos¢—+s 9—) (35)
Ay Ax
AC,=A ——
Cr=AC, +C 7=,
A
- E (cos 6sin (/)— +sin 6 by) (36)

where C,, C s and C, are X-, Y-, and Z-force coefficients normalized
to the dynamic pressure loading QS.

The linear dynamics of the damaged aircraft are then computed by
linearizing Eqgs. (31-33)

(I* + AD)@ = (Ff + Af)é + (£ + Af,)o + (g° + Ag)s
(37

where @ =[Ap Aq Ar]" is the angular rate vector, ¢ =
[Aa AB Ag¢ AS;] is the trim parameter vector, and

Ci,b Cib Cib
fr=0S| Ci,c Ch, Cph,c
Ci,b Ci,b Cib

AC,qb AC,,b
Af, = QS| AC,,,¢ AC,,é AC,,é

vAy + wAz —vAx —wAx
+m —uly ulAx + wAz —wAy
—ulz —vAz  uAx+vAy
f3
Clab Cigb 0 0
=0S Ci o€ +w o ﬂ_ +8TTm(\x5(Ze721)) 0 T“mg?zo)
C;’;ab-f— m“”‘)o nﬁb+ mar/f)n 0 %
Aél,ab Aél,ﬁb Aél.gt)b Aél 51b

Af, = QS| AC,,¢ AC,4¢ AC,4¢ AC,5¢
AC,ub AC,4b AC,4b  AC,;,

Ciyb Ciyb Ciyb
g =0S C:;,aué Cm(g c C"“S c
Cigh Ciyb Ciyb
ACi; b ACi5b ACusb
Ag=0S| AC,;5,¢ AC,s5¢ AC,;¢
AC,;,b AC,5b AC,;b
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Equation (37) is the linear perturbation equation for the angular
acceleration of a damaged aircraft which can also be written in a
state-space form as

®=(F, + AF)é + (F, + AF,)o + (G + AG)§  (38)

where F,=T1""'ff, F,=1"'f;, G=I"'g*, AF =
I''(fr + Af)—F,, AF,=1"'(f; + Af,)—F,, and AG=
I''(g" + Ag) - G.

Under ideal situations, the plant dynamics of an undamaged
aircraft are assumed to be known. Upon a damage occurrence, the
plant dynamics become uncertain. As a result, the stability and
control derivative matrices AF, AF,, and AG are usually unknown.
Consequently, a flight control system needs to be able to adapt to the
uncertain plant dynamics of the damaged aircraft. The angular
acceleration vector @ of the damaged aircraft may be written as the
sum of an ideal angular acceleration vector @, of the undamaged
aircraft and a differential angular acceleration vector Aw due to
damage

® =0, + Ao (39)
The ideal, undamaged aircraft plant dynamics can be written as
®;=F o+ F,0 + G3§ (40)

where the stability and control matrices for the undamaged aircraft
F,, F,, and G are assumed to be known.

B. Neural Network Direct Adaptive Control

The goal of the adaptive flight control is to be able to fly adamaged
aircraft whose handling characteristics are specified by a reference
model. The control adaptation must be able to accommodate damage
using the available flight control surfaces. A reference model is used
to filter a rate command vector @ . into a reference angular rate vector
®,, and a reference angular acceleration vector @,, via a first-order
model

(l.) m + wnwm = wnwr (41)

where @, = diag(w,, w,,,) is the reference-model frequency
matrix.

The reference-model frequencies must be chosen appropriately to
obtain a good transient response that satisfies position and rate limits
on the control surface deflections. For transport aircraft, typical
values of w,, w,, and w, are 3.5, 2.5, and 2.0, respectively [6]. In
cases when the reference model is over- or underspecified, these
parameters must be adjusted accordingly. The tuning of the
reference-model parameters can be performed using an adaptive-
critic approach to ensure that the flight control can track the reference
model to achieve desired handling qualities [21].

The reference-model angular rate vector @, is compared with the
actual angular rate output @ to form a tracking error signal
®, =, —®. A pseudocontrol vector u, is constructed using a
proportional-integral (PI) feedback scheme to better handle errors
detected from the roll rate, pitch rate, and yaw rate feedback. The
error dynamics, defined by proportional and integral gains, must be
fast enough to track the reference model, yet slow enough to not
interfere with actuator dynamics. A windup protection is designed to
limit the integrator at its current value when a control surface is
commanded beyond its limit. The pseudocontrol vector u, is
computed as

1
uezpre—FK,A ®,dt (42)

To maintain a reasonable tracking performance and loop gains, it
is found that the proportional and integral gains can be selected to
achieve second-order error dynamics with natural frequencies that
match the reference-model frequencies and damping ratios of {, =

=¢= 1/+/2 according to

K P = diag(zé‘pwps zngq’ 2§rwr) (43)
K, = diag(@?, 02, 0?) (44)

A dynamic inversion controller is computed to obtain an estimated
control surface deflection command § to achieve a desired angular
acceleration vector @, using the known plant dynamics of the
undamaged aircraft from Eq. (40):

§=G (&, —F,& —F,0) (45)

assuming that G is invertible.

Because the true plant dynamics of the damaged aircraft are
unknown and are different from the undamaged aircraft plant
dynamics, as can be seen from Eq. (38), the dynamic inversion

controller & will generate a dynamic inversion error € as
e=6-60,=®—F,&—F,0—G§ (46)

Comparing with Eq. (38), we see that the dynamic inversion error
can also be expressed in terms of the unknown plant dynamics due to
the damage effects

e = A® = AF,6 + AF,0 + AGS A7

For the dynamic inversion controller to track the reference-model
angular acceleration vector @,,, the desired angular acceleration
vector @ is set equal to

W, =0, +u,— Uy (48)

where u,y is an adaptive control augmentation signal designed to
cancel out the dynamic inversion error, so that in an ideal setting, as
the tracking error goes to zero asymptotically, the desired angular
acceleration @, is equal to the reference-model angular acceleration
®

m*

Substituting Eq. (48) into Eq. (46) results in
£ =—w,—U,+ Uy (49)
We now obtain the following tracking error dynamics
é=Ae+ B(uy, —¢) (50)
where

e=[[! w,dt @,

s=[ % &) e[

The adaptive control augmentation vector u,q is based on the
adaptation law by Rysdyk and Calise [10] with a modification to
include additional product terms that appear in the nonlinear plant
dynamics described by Eqgs. (31-33):

and

u,=W"B(C,,C,,C;,C,, Cs, Co) (51)

where B is a vector of basis functions computed using Kronecker

products with C;, i =1,...,6, as inputs into the neural network

consisting of control commands, sensor feedback, and bias terms.
More specifically, the product terms are

C, = Vz[wT aw’ ,BwT] (52)
C,=V[1l a B & B> af ap?] (53)
C,=V&" as” B&"] (54)
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C,=[po’ g0’ ro’] (53)
Cs=[uo” vo! wo'] (56)
Ce=[1 60 ¢ C/] (57)

The basis function is then expressed as
B =[C1 C, G C G Cs]T (58)

The network weights W are computed by a direct adaptive law,
which incorporates a learning rate I' > 0 and an e-modification term
[22] ;¢ > 0 according to the following weight update law

W = —T'(8e"PB + /1||e"PB||W) (59)

where the matrix P solves the Lyapunov equation ATP + PTA =
—Q for some positive-definite matrix Q and ||.|| is a Frobenius norm.

The e-modification term provides a robustness in the adaptive law
[22]. The weight update law in Eq. (59) guarantees the stability of the
neural network weights and the tracking error. The proof of this
update law using the Lyapunov method is provided by Rysdyk and
Calise [10]. Solving for the matrix P with Q = I, the weight update
law can be rewritten as

W =-T(BV + p|V[|W) (60)
where

1 N _ L[ -
vV =2elK;' (1+K;") +§A ol diK;' (61

VI. Hybrid Direct-Indirect Adaptive Control Concept

Although the neural network direct adaptive law has been
researched extensively and has been used with success in a number of
applications, the possibility of a high-gain control due to aggressive
learning can be a problem. Aggressive learning is characterized by
setting the learning rate I" high enough so as to reduce the dynamic
inversion error rapidly. This can potentially lead to a control
augmentation command that may saturate the control authority. A
high-gain control may also excite unmodeled dynamics of the plant
which can adversely affect the stability of the adaptive law. Control
saturation and unmodeled dynamics have been addressed by
Johnson et al. [19] and Hovakimyan et al. [14], but not in the context
of a high-gain control associated with neural network direct adaptive
control. Moreover, during a damage event, the knowledge of the
plant dynamics of a damaged aircraft becomes impaired and, as a
result, this can present a problem for a pilot to safely navigate the
aircraft within a restricted flight envelope. For example, changes in
stability and control derivatives can potentially cause a pilot to apply
excessive or incorrect stick commands that could worsen the aircraft
handling qualities. Direct adaptive control approaches accommodate
changes in plant dynamics implicitly, but do not provide an explicit
means for ascertaining the knowledge of the plant dynamics, which
can potentially be used for developing damage detection and
isolation strategies, as well as emergency flight planning, to provide
guidance laws for energy management during a descent, approach,
and landing. Toward this end, we introduce a modification to the
present direct adaptive law to include an indirect adaptive law that
provides an opportunity to perform an online estimation of the plant
dynamics of the damaged aircraft explicitly. We call this approach a
hybrid direct—indirect adaptive control. The indirect adaptive law
will provide an estimate of the plant dynamics that will be used in the
dynamic inversion. As a result, the control command will result in a
smaller dynamic inversion error so that the learning of the direct
adaptation neural network can be reduced. An architecture of the

We n Wi, We
S+ wy =

9. Aircraft -

w,0,d

Fig. 7 Hybrid direct-indirect neural network adaptive flight control
architecture.

proposed hybrid adaptive control concept is shown in Fig. 7. In the
current study, we have developed two indirect adaptive laws for the
online estimation of the plant dynamics based on the Lyapunov
stability theory and the recursive least-squares method.

A. Indirect Adaptive Control Method

In this approach, we would like to update the neural network
weights using an indirect adaptive law that performs an online
estimation of the incremental plant dynamics due to damage. Thus, if
the damaged plant dynamics can be estimated, then the dynamic
inversion controller can now be revised as

§=(G + AG) '[o, — (F, + AF))é — (F, + AF,)o]  (62)

where Aﬁl, Af‘z, and AG are the estimated incremental plant
matrices due to damage.

In an ideal situation, if the estimated damaged plant matrices are
equal to the actual damaged plant matrices, then we would have a
perfect tracking control. We now assume that the estimated damaged
plant matrices can be expressed as

AF, =WIB, (64)
AG = WI B, (65)

where B, B, and 8 are some neural network basis functions, which
are not necessarily the same as the basis function g for the direct
adaptation neural network; and W,, W,, and W; are the
corresponding weight matrices.

The error dynamics can now be expressed as

é=Ae+BW/'B+BW.B & + BW!B,0 + BW/B;5 — Be
(66)
where & = Aw is the dynamic inversion error.

We now propose the following indirect adaptive laws for the
estimation of W, W, and Wj:

W, =-T,8,6e’PB (67)
W, =-T,B,0e’PB (68)
W; = —T;B;0e"PB (69)

where Iy, I';, I's > 0 are the adaptation gains.

The proof is as follows:

We assume A is Hurwitz. We let W=W*+ W, W, =
W, +W,, W,=W;+ W, and W; = Wj + W;, where the
asterisk symbol denotes the ideal weight matrices that perfectly
cancel out the dynamic inversion error &, and the tilde symbol
denotes the weight deviations.
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The ideal weight matrices are unknown but they may be assumed
constant and bounded to stay within a A neighborhood of the error &
defined as

A = sup|W7B +WiTB,& + Wi B0 + WiTB;8 —e| (70)

®,0,8

We now define the following Lyapunov candidate function

WW WIW. WIW., WIW
V=eTPe—|—tr( oWo | WoW, Wi “) (1)

r T, T, T

where P > 0 and tr(.) denotes the trace operator of a matrix.

The time derivative of the Lyapunov candidate function is then
computed as
wW'w N WiW,
r r,

V =é"Pe + eTPé + 2tr(

WoW, wzv%)

T, T,

(72)
Substituting Eqgs. (59) and (66) into the preceding equation yields
V =—e’Qe + 2¢"PB(W*" + W)B
+ 2eTPB(w::,T + Vv{,) B.6 + 2eTPB(w:;T + V“VZ) B,o
1 2¢"PB (WgT n W{) Bs6 — 2¢"PBe
+ 2tr[—WTﬂeTpB — uWT||eTPB||(W* + W)
WW, WW, WIW,

73
+rw+n,+rs] 7

Using the trace property tr(AB) = tr(BA), we get

e TPBW/ B = tr(eTPBW’ B) = tr(W' BePB)  (74)
e "PBW! B, & = tr(eTPBWf,ﬂwca) - tr(Wg ﬂwcaeTPB) (75)
e "PBW/B,0 = tr(eTW§ﬂaa) = tr(WﬁﬂaaeTPB) (76)
e "TPBW!B,6 = tr(eTPngﬂ,;g) - tr(WsTﬂsgeTPB) 77)
Also, by completing the square, we have
2t[—pu W || e"PB||(W* + W)]

W*
2

=—2u)e"PB|| (H +W

2 Hw*

2
) (78)

Since W, =W,, W, =W,, and W; =W;, Eq. (73) then
becomes
)

+ 2tr[wg (r—“’ + ﬂwweTPB) + WZ (F—" + ﬂ,,aeTPB)

V < —e7Qe + 2¢"PBA

- 2M||eTPB||(H¥+ w

2

Wi
2

+W; (% + ﬂageTPB)] (79)
k)

Since ||B|| = 1, we establish that

e’Qe < A(Q)[e|? (80)
e"PBA < p(P)|ell[|A]l 81)

W+ 2 W+ 2
IICTPBIIHT =< p(P)|ell ’ 5 (82)

where A(Q) is the minimum eigenvalue of Q and p(P) is the spectral
radius of P.

To guarantee that V<0, we require that the trace operator be
equal to zero, thus resulting in the indirect adaptive laws in Egs. (67—
69). In addition, we also require that

p(P) .
llell >M(4IIAII + W) (83)

The time rate of change of the Lyapunov candidate function is then
strictly negative and, therefore, it would guarantee that the sinals are

bounded. We note that é, @, 0, § € L., bute € L, since
M@ [ lelPar = v(0) (84)
0

Using Eq. (83), we have

2
+ W|| dt<oo (85)

V(t — 00) < V(0) — 21u(P) [n lell}—

T

Thus, the value of V as ¢t — oo and the tracking error e are
uniformly bounded. Furthermore, if A = 0 and u = 0, we establish
by means of the LaSalle-Yoshizawa theorem that

lim|e|| = 0
=00

so that ||W| — 0, W, || = 0, [W,|| = 0, and ||[W;|| = 0 as
t — oo. This means that the indirect adaptive laws will result in a
convergence of the estimated Aﬁl, Aﬁz, and AG to their steady-
state values if there is no neural network approximation error. In
addition, for the online estimation to converge to their correct values,
the input signals must be sufficiently rich to excite all frequencies of
interest in the plant dynamics. This condition is known as a persistent
excitation (PE) and is defined as [20]

1+Ty
ay < [ P07 (1) dr < a, (86)

where ¢ =[G7 o &) and &y, &), Ty > 0.

We note that the indirect adaptive laws can be made more robust in
a similar fashion as Eq. (60) to better handle unmodeled dynamics
and disturbances with an addition of the e-modification term [22] to
Eqgs. (67-69) as

W(u = _Fo) (ﬂw‘aeTPB + Mo ”eTPB”WaJ) (87)
Wa = _ra(ﬂaaeTPB + Mo”eTPB”Wo) (88)
W = —T5(B;8¢"PB + ;] e"PB| W) (89)

in which case the time rate of change of the Lyapunov candidate
function becomes
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. W+ ~ 12
vs—zm|eTPB||H St W
W, s |?
21, |€"PB| | = + W, | 24, [le"PB]
WP L
X |57+ Wo —2,u,;||eTPB||HTS+W5 (90)

The effect of the e-modification, therefore, is to increase the
negative time rate of change of the Lyapunov candidate function so
that, as long as the effects of unmodeled dynamics and/or
disturbances do not exceed the value of V, the adaptive signals
should remain bounded. The e-modification thus makes the adaptive
law more robust to unmodeled dynamics [23].

It should be noted that we have so far assumed that @, 0, § € L.
Suppose that the input signals become unbounded, i.e., ®, o,
8 ¢ L; the adaptive laws in Egs. (67-69) will become unstable
because of the signal unboundedness. In this situation, we need to
modify the adaptive laws to handle unbounded signals by a
normalization method [20]. By normalization, we mean to consider
alternate input signals that are bounded even though the original
input signals are unbounded. Toward that end, we note that @ (1 +
®"R, @)~ € L, even though @ ¢ L, since

ool + ®"R,& ©D
where R, is a positive-definite weight matrix.

Similar considerations can be made for o and 8. Using these
alternate input signals, we obtain the following normalized indirect
adaptive laws for unbounded signals:

Wm = _Fw(l + (:)TRmaj)_l(ﬂm‘:)eTPB + N’w”eTPB”W«))
92)

W, =-T,(1 + 0"R;0) "' (B,0¢"PB + 11, e"PB||W,) (93)

W= —T5(1+ 8 Ry8) " (B;8e"PB + 1,]|e”PB|W,;)  (94)

B. Recursive Least-Squares Method

An alternate approach that may be considered in lieu of the indirect
adaptive law discussed in the previous section is a recursive least-
squares (RLS) method for identifying the damaged plant dynamics,
based on the dynamic inversion or modeling error, instead of the
tracking error as in the indirect adaptive law. Suppose the dynamic
inversion error can be written as

e =®70 + Ae (95)

~ T
where @7 =[W; W; Wil 0=[a" B o BL & ]I
and Ae is the computational error in the estimated dynamic
inversion error & defined as

é=6-F6—F,0—Gé (96)

where @ is the estimated angular acceleration which may be subject
to computational errors.

Generally, the angular acceleration may not be available from rate
gyro sensors. In such a case, one method of estimating @ is to use a
backward finite difference method

6;=—1-—rt 97)

to estimate @ at the jth time step, but this method can result in a
significant error if At is either too small or too large.

Another approach is to sample aircraft rate data and use them to
generate an, at least, C' smooth curve in time using a cubic or B-
spline method. This curve is then differentiated at the spline knots to
find the estimated derivative values. In either case, the derivative
computation will introduce an error source Ae. If the error is
unbiased, i.e., it can be characterized as a white noise about the mean
value, then the recursive least-squares method can be applied to
estimate the damaged plant dynamics. The white noise can be
minimized using an optimal estimation method by considering the
following cost function

1 [t .
J(<I>)=§/(1 +&7é — d70| dr 98)
0
where the factor 1 + £ is a normalization factor defined as
1+&=1+060"RO (99)
and R is a positive-definite weight matrix.

To minimize the cost function, we compute its gradient with
respect to the weight matrix and set it to zero, thus resulting in

aJT ! A
- :—/(1 +&)710(T - 0T®)dr =0 (100)
P 0
Equation (100) is then written as
/'(1 +E)1007 drd = /[(1 +E)108Tdr (101)
0 0
Let
t
R! :/(1 +£)716060"dr >0 (102)
0

We note that
R'R=I=R'R+R'R=0 (103)
Differentiating Eq. (101) yields
R'®+ (14871070 =(1+&'067 (104)

From Egs. (103) and (104), we obtain the following recursive
least-squares weight update laws

®=(1+&"'ROET—07D) (105)
R=—(1+&"'ROI'R (106)

The matrix R is called the covariance matrix and the recursive
least-squares formula has a very similar form to the Kalman filter
with Eq. (106) as the differential Riccati equation for zero-order plant
dynamics.

The recursive least-squares weight update law can be shown to be
stable and result in bounded signals. To show this, we let
® = ¢* + P, with the asterisk and tilde symbols denoting ideal
weights and weight deviations, respectively. We choose the
following Lyapunov candidate function

L=V +tu(®'R'®) (107)

where V is the Lyapunov candidate function for the direct neural
network adaptive control, and we have established that vV <0.

The time rate of change of the Lyapunov candidate function is
computed as

[=V+urQdR1®+ dR'®) (108)
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The weight matrix ® can be shown to converge to the ideal
weights ®* [20] so that

®=—(1+£&"'ROITD (109)
Substituting Eq. (109) into Eq. (108) results in
L=V—(1+&'tr(®"907®) <0 (110)

Thus, the recursive least-squares weight update law is stable.

The recursive least-squares method can be implemented in either
continuous time or discrete time. A continuous-time estimation
requires solving the differential Eqs. (105) and (106) at every time
step. On the other hand, the discrete-time sampling estimation
provides more flexibility, in that the estimation can be executed after
a specified number of data points have been collected. This would
improve the PE condition of the input signals. In the actual
implementation of the hybrid adaptive flight control algorithm, we
use the following discrete-time recursive least-squares weight update
law with an adaptive or directional forgetting factor [24]

¢, =2 +0+ Ei+l)_lRi+10i(éiT+l - ozT(I)i) (111)

-1
Ri+1 =R, - ( i_+|l + $i+l) RioioiTRi (112)
where ¥ is defined as

Vier = Qi1 — &1 (L= @iy1) (113)

The parameter ¢ is called a directional forgetting factor which can
be computed using the following adaptive law at each sampling
period

%ﬂl =140+ p) (1 +&)

|:77i+1(1 +9i) 1] §ivi (114)
L+ &+ ni L +&4

where p is a constant, and n and ¢ are parameters with the following
update laws

N1 = Al 1841 — @70, (115)
Vi =i (1 + ) (116)

Mipr = @i + (L +EDIE — 70,17 (117)

VII. Control Simulations

To evaluate the hybrid adaptive flight control with the indirect
adaptive law and the recursive least-squares method, a simulation
was performed in the MATLAB environment. A damage
configuration corresponding to a 30% loss of the left wing for the
GTM is selected. The direct adaptation neural network is a single-
layer sigma-pi network. Pilot commands are simulated by a series of
step input pitch doublets. The tracking performance of the three
adaptive control schemes is compared in Fig. 8.

It can be seen that the hybrid indirect adaptive control scheme
offers some degree of improvement in the tracking performance as
compared with the direct adaptive control scheme. In contrast, the
hybrid recursive least-squares adaptive control scheme is seen to
perform better than both the direct and hybrid indirect adaptive
control schemes, as it provides the best tracking performance of the
pitch channel command. It is noted that both the direct and hybrid
indirect adaptive control schemes are improving with time as the
tracking errors decrease asymptotically.
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Fig. 8 Pitch doublet tracking performance.

Figures 9 and 10 are the roll and yaw rate responses during the
pitch doublet maneuver. Because of the asymmetric wing damage,
the roll performance of the aircraft should be expected to be most
affected. The hybrid recursive least-squares adaptive control scheme
is able to regulate the roll and yaw rates much better than both the
direct and hybrid adaptive control schemes. In fact, the roll response
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for the direct adaptive control scheme is not considered acceptable
because the roll rate amplitude is quite significant as compared with
the pitch rate amplitude. To a lesser extent, the poor roll performance
also is seen with the hybrid indirect adaptive control scheme during
the first two pitch doublets.

Figure 11 shows the norms of the roll, pitch, and yaw rate tracking
errors for the three adaptive control schemes. As can be seen, the
hybrid recursive least-squares adaptive control scheme achieves the
smallest tracking error norm, whereas the hybrid indirect adaptive
control scheme shows a reasonably good improvement in the
tracking error norm over the direct adaptive control scheme. After
only two pitch doublets, the tracking error norm for the hybrid
indirect adaptive control scheme reduces to more than half of the
tracking error norm for the direct adaptive control scheme.

The aileron, elevator, and rudder commands to achieve the pitch
doublet maneuver are as shown in Figs. 12—14, respectively. Because
of the cross coupling between the longitudinal and lateral motions as
a result of the wing damage, the pitch maneuver requires all of the
three control surface command inputs. Figure 12 shows the
remaining right aileron command input needed to compensate for the
rolling moment during the pitch doublet maneuver due to the pitch-
roll coupling effect of wing damage. The aileron command input
computed by the hybrid recursive least-squares adaptive control
scheme is well formed, whereas the aileron commands from both the
direct and hybrid indirect adaptive control schemes exhibit some
initial overshoots and lags; however, after three pitch doublets, the
aileron command for the hybrid indirect adaptive scheme converges
to that of the recursive least-squares adaptive control scheme.
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Figure 13 is the elevator command inputs computed by the three
adaptive control schemes to achieve the pitch channel command. The
elevator commands computed by the direct and hybrid indirect
adaptive control schemes exhibit some initial overshoots, but the
hybrid indirect adaptive control scheme reduces the overshoot
amplitude to some extent. The hybrid recursive least-squares
adaptive control scheme results in a very well-formed elevator
command input without any noticeable overshoot.

Figure 14 is the rudder command input needed to compensate for
the adverse yawing moment during the pitch doublet maneuver. Both
the direct and hybrid indirect adaptive control schemes produce
rudder command inputs that are quite aggressive, but after only one
pitch doublet, the hybrid indirect adaptive control scheme begins to
improve as the overshoot amplitude begins to attenuate. Again, the
hybrid recursive least-squares adaptive control scheme produces a
very well-formed rudder command input.

For this simulation, actuator dynamics are not included. In a
situation where an adaptive control scheme generates a high-gain
control signal, a control surface command input can encounter an
actuator rate limiting, which can potentially result in pilot-induced
oscillations (PIO) [25]. Therefore, the effect of a high-gain control in
adaptive control should be avoided.

VIII. Discussions

In the current adaptive flight control study, only traditional control
effectors that include ailerons, elevators, and rudder are used. In
severe damage situations, these control effectors may not be
sufficient to stabilize and maintain good handling qualities of a
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damaged aircraft. Therefore, any adaptive flight control method must
include a control allocation strategy that uses other potential control
effectors that are otherwise not used in a conventional flight control
system. These control effectors can include engine thrust for pitch
control, engine differential thrust for yaw control, wing spoilers for
roll control, and others. The problems of time-scale separation due to
actuator dynamics are important for systems with a different time
latency such as engines. Traditionally, systems with slow—fast
dynamics can be appropriately handled by the singular perturbation
method [26]. For flight control applications, engine dynamics are
usually not known and typically possess a variable time delay, which
can pose a challenge to a flight control system augmented with
propulsion as a means for controlling an aircraft. Adaptive control
strategies incorporating propulsion have been investigated, but some
of these studies do not include slow dynamic models of aircraft
engines [13].

Damage effects can present a serious challenge to a flight control
system, because a damaged aircraft would no longer behave
nominally because its stability and control characteristics could be
changed significantly. Although neural network adaptive control
offers a promise for an online learning capability to enable a flight
control system to adapt to changes in flight dynamics of a damaged
aircraft, the current reality is that adaptive control is still far from
being accepted for use as a primary flight control system, due to
challenging problems with verification and validation of adaptive
systems. Although the proposed hybrid adaptive control approach
appears promising in resolving the concern with a high-gain control,
the problems with the convergence and global stability of neural
networks are still being researched.

Integrated flight dynamic modeling is another area of research that
needs to be addressed. Integrated flight dynamic modeling develops
a better understanding of benefits and limitations of adaptive flight
control methods through simulations and validation. An integrated
flight dynamic model would be able to predict the combined effects
of aerodynamics, rigid body aircraft dynamics, structural dynamics
of the airframe, and engine dynamics, as well flight control actuator
dynamics. The integrated model can provide a way to quantitatively
assess the effect of unmodeled dynamics on the robustness of
adaptive control methods.

Structural interactions with a flight control system are critical to
any flight control development [27-29]. Elastic deflections and
mode shapes can adversely contribute to the vehicle stability and
control, resulting in problems such as flutter, control reversal, and
structural frequency interactions inside a flight control bandwidth.
Adaptive flight control methods will need to observe and obey
structural load constraints imposed by a damaged airframe. This
would mean that feedback signals generated by a flight control
system must maintain adequate structural margins. However, this
can be challenging because structural margins may become uncertain
when a damage occurs. Another issue is associated with elastic
modes shifting due to changes in the structural stiffness and mass of
the airframe. Structural frequency shifts can reduce the effectiveness
of aeroservoelastic notch filters present in a typical flight control
system. Adaptive output feedback control can potentially offer a
strategy for addressing structural interactions with a flight control
system [30].

IX. Conclusions

This paper has presented some recent results on the modeling,
control, and simulation study for a damaged generic transport model.
Aerodynamic modeling has been performed to provide an
understanding of the damage effects on the control and stability
characteristics. The modeling results reveal aerodynamic and control
coupling in all of the three stability axes. A flight dynamic model has
been developed to account for changes in aerodynamics and mass
properties of a damaged aircraft. A neural network hybrid adaptive
flight control concept has been developed to enable damaged plant
dynamics to be estimated via an indirect adaptive law or a recursive
least-squares method that works in conjunction with a direct adaptive
control strategy. Control simulations have been performed for a wing

damage to evaluate the effectiveness of the hybrid adaptive control.
The results show that the hybrid adaptive control can provide
significant improvement in the tracking performance over the direct
adaptive control, particularly with the hybrid recursive least-squares
method. The hybrid adaptive control method offers some advantages
in reducing the possibility of a high-gain control and providing
improved knowledge of the damaged plant dynamics, which can
potentially be used for developing damage detection and isolation
strategies as well as emergency flight planning methods. Future work
will investigate the robustness of the proposed hybrid adaptive
control method in the presence of sensor noise and exogenous
disturbances. Moreover, future work will also investigate integrated
adaptive flight control with propulsion and airframe effects to
address aeroservoelastic effects and slow engine dynamics.
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